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Abstract: Dysregulation of glutathione homeostasis and alterations in glutathione-dependent 
enzyme activities are increasingly implicated in the induction and progression of 
neurodegenerative diseases, including Alzheimer's, Parkinson's and Huntington's diseases, 
amyotrophic lateral sclerosis, and Friedreich's ataxia. In this review background is 
provided on the steady-state synthesis, regulation, and transport of glutathione, with 
primary focus on the brain. A brief overview is presented on the distinct but vital roles of 
glutathione in cellular maintenance and survival, and on the functions of key 
glutathione-dependent enzymes. Major contributors to initiation and progression of 
neurodegenerative diseases are considered, including oxidative stress, protein misfolding, 
and protein aggregation. In each case examples of key regulatory mechanisms are 
identified that are sensitive to changes in glutathione redox status and/or in the activities of 
glutathione-dependent enzymes. Mechanisms of dysregulation of glutathione and/or 
glutathione-dependent enzymes are discussed that are implicated in pathogenesis of each 
neurodegenerative disease. Limitations in information or interpretation are identified, and 
possible avenues for further research are described with an aim to elucidating novel targets 
for therapeutic interventions. The pros and cons of administration of A^-acetylcysteine or 
glutathione as therapeutic agents for neurodegenerative diseases, as well as the potential 
utility of serum glutathione as a biomarker, are critically evaluated. 
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Abbreviations 

AD, Alzheimer's disease; ALS, amyotrophic lateral sclerosis, also known as Lou Gehrig's disease; 
ARE, Antioxidant Response Element; EAACl, Excitatory amino acid transporter CI; EAAT, 
Excitatory amino acid transporter; ERE, Electrophile Response Element; FA, Friedreich's axtaia; 
GCLC (heavy subunit of GCS), GCS, y-glutamylcysteine synthetase; Grx, glutaredoxin; GSSG, 
glutathione disulfide; GPx, glutathione peroxidase; GST, glutathione S'-transferase; GS, glutathione 
synthetase; GR, glutathione reductase; HD, Huntington's disease; MS, multiple sclerosis; MPTP, 
l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine; PD, Parkinson's disease; RNS, reactive nitrogen species; 
ROS, reactive oxygen species; GSH, reduced glutathione; Xc~, cystine/glutamate transport system. 

1. Introduction 

Glutathione (GSH) is a vital constituent of cells throughout the body, acting as a redox buffer, and 
as cofactor for signal transduction, antioxidant defense, and electrophile defense, especially in the 
brain. Thus, dysregulation of GSH homeostasis and deactivation of GSH-dependent enzymes are 
believed to contribute to initiation and progression of neurodegenerative diseases, the focus of this 
review. Parkinson's disease, Alzheimer's disease, Huntington's disease, Amyotrophic lateral sclerosis, 
and Friedreich's ataxia are featured. Multiple sclerosis ultimately leads to neurodegeneration, however 
it is primarily considered to be an autoimmune disease, so it is not discussed extensively herein. The 
review presents a critical overview of the ways that alterations in GSH-dependent biochemistry and 
cell biology may contribute to neurodegenerative diseases, considering limitations in available 
information and suggesting future studies. To provide perspective, the steady-state synthesis, 
regulation, and transport of GSH are described with emphasis on these processes in the brain. Then the 
functions of GSH as redox buffer, nucleophilic scavenger of electrophilic compounds, and signal 
transduction agent are presented. Building on this foundation, the potential role of impairment of 
GSH-dependent functions is evaluated in the context of major contributing mechanisms of initiation 
and progression of the neurodegenerative diseases, including oxidative stress, deactivation of key 
enzymes, disruption of thiol homeostasis and signaling pathways, protein misfolding, and protein 
aggregation. Finally, the potential utility of GSH as a therapeutic agent and/or biomarker is evaluated. 

2. Intracellular Synthesis and Transport of GSH in Brain 

GSH is synthesized in cells, with intracellular concentrations ranging from 0.2 to 10 mM [1]. The 
typical concentration of GSH in most cells, including neurons is around 1-2 mM. It is important to 
note that the cerebral spinal fluid concentration of GSH is approximately 4 |xM. This corresponds 
approximately to a 250-500x lower concentration than intracellular GSH levels. Thus intracellular 
synthesis is necessary for maintaining the large concentration difference. The rate-limiting step of 
GSH synthesis is the formation of the amide linkage between the gamma-carboxyl moiety of glutamic 
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acid and the amino moiety of cysteine. The rate at which GSH is synthesized is based on both the 
activity of the enzyme y-glutamylcysteine synthetase (GCS) and the availability of cysteine. 
Completing the synthesis of GSH, glutathione synthetase (GS) catalyzes the conversion of the 
y-GluCys dipeptide to GSH by addition of glycine. The enzymes involved in GSH synthesis are 
controlled by multiple mechanisms both pre/post transcriptionally. For example, the human GCLC 
(subunit of GCS) promoter contains multiple consensus sequences for transcription factors, including 
NFkB, AP-1 and antioxidant response/electrophile response elements (ARE/ERE) [2^]. Additionally, 
Liu et al. found in L2 lung cells, 4-hdroxy-2-nonenal increased mRNA stability for both subunits of 
GCS that resulted in increased activity of GCS [5]. Furthermore, regulation of GCS activity can be 

2_|_ 

modulated via phosphorylation. Protein kinase A, Protein kinase C, and Ca /calmodulin-dependent 
kinase II have all been reported to phosphorylate (resulting in inhibition) GCS isolated from rat 
kidneys [6]. Thus, GSH synthesis can be controlled through a variety of mechanisms, accentuating the 
importance of GSH within the cell. The descriptions above provide a concise insight into the complex 
regulation of GSH s5Tithesis. For more detailed reviews of regulation of GSH s5Tithesis see Lu [7]; 
Aoyama et al. [8]. 

As mentioned above, the synthesis of GSH is also dependent upon the availability of the rate 
limiting amino acid cysteine. In neuronal tissue, cells must take up a majority of the cysteine they use 
in GSH production from the extracellular space. Cysteine incorporation into neurons and astrocytes 
occurs via two primary mechanisms. First, neurons primarily use excitatory amino acid transporters 
(EAATs) to bring cysteine into cells [9]. Secondly, astroc5^es use the cystine/glutamate transporter 
(Xc ) to increase intracellular levels of cysteine through the uptake of cysteine, the oxidized form of 
cysteine. In addition to importation of extracellular cyst(e)ine, cells can generate cysteine using 
intracellular polypeptides as precursors in a process called transsulfuration. However, the relative 
importance of uptake mechanisms and transsulfuration is cell-type dependent, as described briefly 
below for the specific brain cell types, along with references to more in-depth discussions. 

Astrocytes are reported to have higher GSH levels than neurons and also to have the ability to 
secrete GSH into the extracellular space [10]. This secretion of GSH serves as a precursor supplier for 
other brain cells. In the intracellular space, the secreted GSH is cleaved into Glu and CysGly by 
y-glutamyltranspeptidase (GGT), and the CysGly dipeptide is then cleaved into Cys and Gly by the 
ectopeptidase aminopeptidase N [11] (Figure 1). The free Cys can then be taken up and used for GSH 
synthesis by neurons or oxidized in the extracellular space into cystine to be re -used by the astrocytes. 
Additionally, GGT can transfer the y-glutamyl moiety to an amino acid acceptor; one of these 
acceptors is cystine [12]. The resulting y-glutamylcystine has been shown to increase GSH content 
in vivo, as mice injected with radiolabeled y-glutamylcystine showed almost a doubling of kidney GSH 
levels [13]. A more recent study using primary astrocytes also investigated the mechanism of 
y-glutamylcystine uptake. However, this study found that pretreatment of the astrocytes with acivicin 
(which inactivates GGT) resulted in no change in intracellular GSH levels compared to control cells 
treated with cystine in the absence of acivicin [14]. This led the authors to state, "Since the cystine 
effect was not affected by inhibiting y-glutamyl transpeptidase, a promotion of cystine uptake by 
formation of y-glutamylcystine can also be excluded" [14]. This study indicates that y-glutamylcystine 
may not play a significant role in GSH regulation in neurodegenerative diseases. 
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Figure 1. Production of glutathione (GSH) in astrocytes and neurons. 
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The basic routes of synthesis of GSH in astrocytes and neurons within the brain are depicted 
diagrammatically. In the rate-limiting step of GSH synthesis, the amino acids glutamate and 
cysteine are ligated to form the dipeptide y-GluCys by the y-glutamylcysteine synthetase (GCS) 
enzyme at the expense of ATP. y-GluCys is then converted to GSH (y-GluCysGly) by glutathione 
synthetase (GS). This reaction occurs in both astrocytes and neurons. Astrocytes, however, can 
secrete GSH into the intracellular space where it is cleaved into Glu and CysGly by 
y-glutamyltranspeptidase (GGT). The CysGly dipeptide is cleaved into single amino acids 
(the cysteine of which can be taken up by neurons) by aminopeptidase N. The rate limiting amino 
acid cysteine is imported directly into neurons via the EAACl, and cystine is imported into 
astrocytes via the Xc transporter. The CysGly dipeptide is taken up much more effectively than 
GSH by both the neurons and astrocytes, but especially by the neurons. Direct uptake of GSH 
across the blood brain barrier and into brain cells has been suggested, but it is unlikely that such 
direct uptake contributes in a quantitatively important way to the GSH concentration in brain cells 
(see discussion and citations in text). 

The EAAT system is responsible for about 90% of total cysteine uptake in neurons, whereas cystine 
does not serve as a source for neuronal GSH synthesis [9]. While five EAATs are known to exist, 
EAACl is primarily responsible for cysteine uptake in neurons [9]. Approximately 20% of EAACl is 
located at the plasma membrane during basal conditions, but during times of stress EAACl 
translocates to the plasma membrane [15]. EAACl expression can be modulated by a variety of factors 
including serum- and glucocorticoid-inducible kinase, phosphoinositide-dependent kinase, and 
GTRAP3-18 (as reviewed in [8]). The importance of EAACl to support induction of GSH synthesis 
and cellular viability has been investigated recently. Watabe et al. reported that knockdown of 
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GTRAP3-18 (a negative regulator of EAACl) in HEK293T cells increases intracellular GSH, and 
conversely increasing GTRAP3-18 protein expression using methyl-P-cyclodextrin leads to a decrease 
in intracellular GSH content [16]. Additionally, knockdown of EAACl or increased expression of 
GTRAP3-18 lead to increased DNA fragmentation when in HEK293T cells treated with H2O2 [16]. 
Demonstrating the importance of EAACl in neuronal cells, in vitro partial knockdown of EAACl in 
primary neurons resulted in ~20% decrease in cysteine uptake and a 30% increase in cell death when 
these altered neurons were treated with H2O2 [17]. Furthermore, in vivo embryonic knockout of 
EAACl showed age dependent neurodegeneration and significant loss of GSH content [18]. For a 
more in depth review on neuronal GSH synthesis and its regulation refer to [8]. 

In astrocytes the primary precursor imported into the cell for GSH production is cystine. The 
transport of cystine into astrocytes is through the Xc~ transporter, which is a sodium-independent 
transport system sensitive to inhibition by glutamate. The Xc~ transporter is intimately involved in 
GSH synthesis [19]. The imported cystine is rapidly reduced within the cell to form cysteine. The 
cysteine can then be used to generate GSH, and during times of oxidative stress GSH production is 
increased [19]. In order to provide the necessary cysteine for GSH synthesis during stress, Xc~ levels 
can be increased. In cell culture induction of Xc~ has been stimulated by a variety of factors including 
low levels of oxygen and H202-induced stress (via glucose oxidase reaction with glucose in the 
media) [20,21]. Electrophilic agents such as diethyl maleate and the vicinal dithiol binding 
agent/reducing agent arsenite have been shown to increase transcription of the xCT gene, mediated 
through the interaction between the ERE and the transcription factor Nrf2 [19]. Functionally, the 
importance of the Xc~ transporter can be highlighted by a study by Shih et al. which reports that over 
expression of the xCT protein increases GSH content and protects primary astrocytes against 
H202-induced cell death [22]. Moreover, mice with functionally incompetent Xc~ {sutlsut mice) show 
pronounced brain atrophy around months [22]. Thus, the Xc~ transporter appears to play an 
important role in GSH synthesis in astrocytes. For more detail on the properties of the Xc~ transporter 
and its regulation see reviews [23,24]. 

In addition to imported cyst(e)ine, the transsulfuration pathway may also contribute to the supply of 
intracellular cysteine for GSH synthesis in astrocj'tes [25]. In this process endogenous sources of 
sulfur (e.g., homocysteine) can be converted to cysteine via a series of redox sensitive enzjmiatic 
reactions that contribute to the generation of GSH [26]. It should be noted that that approximately 50% 
of liver GSH is derived from transsulfuration, and that the brain cystathionine-y-lyase (an enzyme key 
to the transsulfuration pathway) is reported to be more than 100-fold less active than the liver 
enzyme [26]. It has been reported that deficiencies in the transsulfuration pathway cause increased 
ROS levels (reviewed in [27]). During basal conditions in astrocytes, somewhere between 20% and 
40% of the GSH is made through use of the cysteine generated through the transsulfuration. While 
only representing a minor fraction of the GSH production at steady state, the importance of the 
transsulfuration pathway is reflected during times of stress. Indeed, use of diethylmaleate (a GSH 
depleting agent) on primary astrocytes results in an increase in cystathionine-y-lyase [28]. As 
mentioned earlier the Xc" exchanger is a key contributor to cellular GSH generation and cellular 
survival by facilitating cystine uptake. Damage to the Xc~ exchanger in vivo would likely necessitate 
reliance on cysteine generation intracellularly. Indeed, the protein level of cystathionine-y-lyase in C6 
glioma cells nearly doubled 48 h post inactivation of the Xc~ exchanger through use of either 
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L-a-aminoadipate or 1-P-A^-oxalylamino-l-alanine [28]. Thus, transsulfuration can be an important 
process for maintaining GSH levels in astrocytes, particularly in times of oxidative stress. In contrast 
this pathway is essentially absent in neurons. A more in depth description of the transsulfuration 
pathway in astrocytes is provided in the excellent review by McBean [25]. 

As described above, the majority of studies of GSH homeostasis in the brain have been carried out 
with astrocytes or neurons; however, microglia are also integral to brain tissue. In this regard, studies 
of microglia have reported that the Xc~ transporter is present in microglia, and that EAAT proteins are 
not basally expressed. However, it has been reported that EAAT proteins can be induced in microglia 
by lipopolysaccharide [29,30]. It is noteworthy that microglia contain higher levels of GSH than 
neurons and astrocj^es [31], but studies are still ongoing to determine the relative contributions of the 
Xc~ and EAAT transporters to supply precursors for GSH synthesis. More information on GSH 
homeostasis in microglia may be found in recent reviews [30,32]. 

3. Glutathione Transport across the Blood Brain Barrier 

GSH and glucose are key molecules in the functional survival of the brain, but their concentrations 
and mode of transport into the brain differ remarkably. GSH is the major antioxidant in the brain cells 
at a concentration ~2 mM [1]. GSH in blood plasma, however, is present at much lower 

concentrations. For example, the average level of GSH in the plasma of humans has been estimated to 
be ~2 |a,M [33,34]. Thus, GSH concentration in brain cells is about 400-times higher than in blood. 
In contrast to GSH, glucose concentrations in the brain cells are about 20% of the glucose 
concentrations in blood [35]. 

The blood brain barrier (BBB) is comprised of a layer of endothelial cells with tight junctions, 
surrounded by a sheath of astrocytes. The BBB functions as a selective barrier separating the brain 
from potential toxicants in the blood. The BBB has selective transport mechanisms to import necessary 
nutrients that cannot traverse the BBB by passive non-ionic diffusion, and P-glycoprotein transporters 
operate in the opposite direction to export non-essential metabolites and xenobiotics. Neither glucose 
nor GSH, both hydrophilic compounds, can passively diffuse through the lipid border of the BBB. 
Hence, penetration of glucose or GSH through an intact BBB implies specific transport mechanisms 
(Figure 2). Glucose is known to be transported into the brain by the GLUT family transporters [36]. In 
contrast, the concept of permeation of the intact GSH molecule through the BBB has been 
controversial and supportive data are limited. 
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Figure 2, Transport of molecules across the blood brain barrier. 
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The scheme depicts potential modes of supply of GSH (and the rate limiting amino acid cyst(e)ine) 
across the BBB. These are considered in the studies of [37], but an explicit and quantitative 
estimate of net GSH transport from the plasma to the cerebrospinal fluid is not provided. From the 
limited data provided for influx and efflux of GSH with models of endothelial cells and astrocytes 
it seems unlikely that direct transport of GSH would contribute substantially to brain GSH content, 
especially since most of the studies of GSH uptake by Kannan et al. were conducted with a 1 mM 
extracellular concentration of GSH, almost 3 orders of magnitude higher than typical plasma or 
CSF concentrations of GSH [38,39]. Molecules cross the BBB (represented here only by the 
endothelial cell) at various concentrations and through different mechanisms. The drug 
A'^-Acetylcysteine (NAC) can cross the BBB via passive non-ionic diffiision without a transporter. 
The estimated concentrations of cystine [40,41], GSH [42] and glucose [43] in the plasma and the 
cerebral spinal fluid (CSF) are shown in the diagram. Due to its hydrophilic nature, glucose must 
cross the BBB using the GLUT transporters even though the chemical gradient favors diffusion 
through the BBB. Importantly, cystine is transported into the endothelial cells via the Xc 
transporter, and the corresponding cysteine is transported into the CSF via LATl. Some studies 
report that intact GSH can pass through the BBB by use of a transport mechanism, however 
characterization of the actual transporter is limited and the relative contribution of this putative 
mechanism to the supply of GSH to brain cells is likely to be very small. 

While some studies suggest that a specific GSH transport mechanism exists, the more common 
interpretation is that GSH transport across the BBB does not occur to an effective extent. Consistent 
with this negative conclusion, a study by Comford et al found negligible uptake of H-GSH into the 
brain after intracarotid injection [44]. Later a series of articles appeared that reported the existence of a 
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GSH transport system. Thus, Kannan et al. reported that S-GSH, but not S-GSSG was able to pass 
into the brain within 15 s after intracoratid injection [38]. Importantly, the authors pretreated the rats 
with acivicin to inhibit GGT and prevent breakdown of GSH into its components (CysGly or Cys) that 
are transported across the BBB and readily enter the brain cells (Figure 1). In a subsequent study 
Kannan et al. reported that they were able to inhibit entry of S-GSH with structural analogs of GSH, 
but they reconfirmed that GSSG did not inhibit GSH entry [39]. The authors argued that the previous 
study by Comford et al. did not take precautions to keep GSH in its reduced form, and that 
commercially available H-GSH was not pure [38]. Abbott et al. reported commercially available GSH 
at that time was only 63% pure [45]. While the report that a GSH transporter exists is provocative, the 
Kannan et al. studies overlooked some key points [38]. First, their criticism concerning oxidation of 
GSH in the Comford study seems inaccurate. While some GSH may have been oxidized during the 
procedure, virtually all of the GSH would have to be oxidized to GSSG for no uptake to be observed, 
because GSSG is not inhibitory according to the reports of Kannan et al. themselves [38,39]. 
Impurities were likely in the H-GSH used for the initial study. However, these impurities would not 
alter entry through a selective transporter, unless the impurities were highly selective and highly potent 
inhibitors. Furthermore, Kannan et al. did not provide a quantitative analysis of how much GSH was 
actually taken up by the cells in these in vivo studies [38,39]. 

GSH transport has been investigated further by using two in vitro models of the BBB. Human 
cerebrovascular endothelial cells (HCEC) possess morphological and biological similarities to the 
BBB [46]. Using these cells, Kannan et al. reported uptake of S-GSH in both a Na -dependent and 
Na^-independent manner [37], and estimated the maximum net rate of GSH uptake by the cells to be 
~2.4 pmol/30 min/million cells. Considering that 10^ cells comprise an aqueous volume of ~0.01 mL, 
the reported uptake would correspond to a net change in intracellular GSH concentration of 0.24 [xM. 
Efflux was reported to occur also, but at a slower rate that was inhibited by sodium. Since the total 
intracellular GSH concentration is in the millimolar range this change in concentration would seem to 
be inconsequential unless it served a microcompartment of the cells. As a mechanism of traversing the 
BBB, it also seems very limited because the net flux would be limited by the even slower efflux rate 
into the CSF. Nevertheless, these studies prompted a more recent study, which reported that 
construction of carrier molecules by conjugation with GSH via a peptidomimetic linker and a disulfide 
bond could enhance the uptake of adamantine and dopamine into Madin Darby canine kidney 
(MDCK) cells, another putative model of the BBB [47]. However, the latter results challenge the 
concept of a specitic GSH transport mechanism because the adducted molecules constitute rather large 
alterations in the fundamental structure of GSH. While the concept of specitic GSH transporters for 
direct access of GSH to the brain is intriguing, analysis of available data favor re-synthesis in the brain 
cells as the major source of GSH. 

As discussed above, cysteine is the rate limiting amino acid in GSH synthesis; therefore the 
transport of cyst(e)ine into the brain is critical. Within the plasma, concentrations of cysteine 
(10-20 \iM) are approximately 10 fold lower than the oxidized form cystine (100-200 \iM) [40]. Using 
a mouse brain endothelial cell line Hosoya et al. determined that cystine is transported into brain 
endothelial cells through the Xc~ transporter [48]. As with astrocytes, the cystine is rapidly reduced 
intracellularly to cysteine to be used by the endothelial cells or pumped out into the intercellular space 
of the brain. Cysteine is transported out of the endothelial cells by the LATl subunit of 
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System L [49,50]. Briefly, System L is part of the SCL7 family of Na independent heterodimeric 
amino acid transporters. It is composed of two subunits LATl and LAT2. Once in the CSF, cysteine 
can be taken up by neurons, pumped against the concentration gradient via the ASC system back into 
the endothelial cells or (oxidized to cystine) taken up by astrocytes and used for GSH synthesis. 
A thorough review of the unique properties of System L pertinent to the BBB has been 
presented recently [40]. 

4. Experimental Manipulation of Cellular GSH Content 

Experimentally, intracellular levels of GSH can be altered by many approaches. Commonly used 
agents include: iV-acetyl-cysteine (NAG), glutathione ether ester (GEE), diamide, buthionine sulfoxime 
(BSO), H2O2, and Xc~ transporter inhibitors. These compounds can be used to increase or decrease 
GSH content in vitro and in vivo. NAC can traverse the lipid membrane and be hydrolyzed to cysteine 
within the cell. The resultant cysteine can serve as a precursor for synthesis of more GSH. GEE is able 
to enter the cells, where the ethyl ester is hydrolyzed to yield more GSH [51]. Diamide is a selective 
oxidant that promotes conversion of GSH to GSSG and to protein mixed disulfides (protein-SSG), 
thereby depleting GSH content [52]. BSO inhibits the rate-limiting enzyme GCS, thereby blocking 
de novo synthesis of GSH in the cells. Natural utilization/degradation of the existing GSH then leads to 
its depletion over time. For example, ~80% loss of GSH is observed 24 h after BSO treatment in 
SH-SY5Y cultured nerve cells, and such depletion sensitizes the cells to oxidant-induced 
apoptosis [53]. Oxidizing agents like H2O2 are reported to induce increases in Xc~ transporter levels, 
resulting in increased intracellular cysteine and consequently increased GSH synthesis [23]. 
Xc~ transporter inhibitors (e.g., sulfasalazine and analogs) have the opposite effect, blocking import of 
cystine and resulting in limited GSH synthesis [54,55]. 

5. Glutathione Cycle 

The importance of GSH derives primarily fi-om two factors. First, it is the most abundant intracellular 
nucleophile and serves as substrate for many antioxidant and electrophile-scavenging enzymes. 
Secondly its unusual gamma amide linkage between glutamic acid and cysteine imbues unique 
specificity, and resistance to common peptidolytic degradation. Glutathione is present in the cell in 
reduced (GSH) and oxidized (GSSG) forms. The intracellular ratio of GSH:GSSG is typically >100:1, 
serving as an important redox buffer system for maintenance of the dynamic thiol-disulfide 
steady-state in cells. The reduced GSH serves as a substrate for enzymes that scavenge reactive oxygen 
species (ROS), inactivate electrophilic species, and restore reduced cysteine-thiol moieties on proteins, 
with the concomitant production of oxidized GSSG. All of these reactions serve to promote cell 
survival. The oxidized GSSG is recycled back to GSH, as depicted in Figure 3. 
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Figure 3. Maintenance of the glutathione cycle. 
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Cellular function requires a dynamic ratio of GSH:GSSG. The enzymes (high-lighted in orange), 
glutathione peroxidase (GPx), glutaredoxin (Grx), glutathione reductase (GR), and 
glutathione -5-transferase (GST) use GSH as a substrate, and their actions result in fluctuations in 
the GSH:GSSG ratio. The scheme above shows the outcome of the reaction and the direction of 
GSH or GSSG production. Both electrophile-SG adducts and GSSG can be extruded from cells, 
requiring re-synthesis of GSH; whereas intracellular GSSG is re-cycled to GSH by GR 
and NADPH. 

6, Glutathione-Dependent Enzymes 

Since, GSH is a substrate for many important enzymes its cellular concentration must be maintained 
by re-synthesis as depicted above (Figure 1). Four distinct classes of GSH-dependent enzymes 
contribute to cellular redox homeostasis: glutathione peroxidases, glutathione transferases, 
glutaredoxins, and glutathione reductases. 

6.1. Glutathione Peroxidases 



The removal of excess H2O2 protects cellular components from oxidative damage such as 
modifications of proteins and lipids, which can cause dysfunctions in cellular reactions and possibly 
cell death. Glutathione peroxidases (GPxs) reduce peroxide by catalyzing the conversion of reactive 
peroxides to their respective alcohols and water: [H2O2 (or ROOH) + 2GSH 2H2O (or ROH + H2O) 
+ GSSG]. GPxl is ubiquitously expressed, and it is the most abundant glutathione peroxidase that 



Nutrients 2012, 4 



1409 



functions to scavenge H2O2. As depicted in the equation above, the reduction of H2O2 resuhs in the 
formation of one GSSG molecule per one molecule of H2O2 reduced. Likewise GSSG is produced 
when GPx4 (lipid-peroxide-selective GPx) acts on lipid peroxides. In addition to the GPxs, catalase 
and the peroxiredoxin enzymes also serve as catalysts of H2O2 scavenging (for a review on the relative 
contributions of the peroxide scavengers in neuronal peroxide metabolism, see [56]). 

6.2. Glutathione ^-Transferases 

Glutathione 5*- Transferases (GSTs) are a family of enzymes, which catalyze the specific adduction 
of GSH to electrophilic substrates. The glutathionyl adducts are exported from cells by P -glycoprotein 
transporters, serving to eliminate potentially cytotoxic agents. This GSH conjugation is an important 
mechanism for xenobiotic transformation and cancer chemotherapeutic resistance (reviewed in [57]). 
As described below, GSTs have also been implicated as catalysts of GSH adduction to cysteine 
residues of specific proteins (protein-S'-glutathionylation). 

6.3. Glutathione Reductases 

A proper [GSH]: [GSSG] ratio is critical for cellular redox homeostasis. Glutathione disulfide 
reductase (GR) is critical to maintaining reduced GSH. GR catalyzes the NADPH-dependent reduction 
of GSSG to GSH (GSSG + NADPH + H+ ^ 2GSH + NADP+). Through coupling of the actions of 
GPx and GR, H2O2 is removed, GSH is maintained, and NADPH is consumed (Figure 3). At the 
cellular level, replenishment of the NADPH is dependent on the metabolism of glucose (e.g., though 
the action of glucose-6-phosphate dehydrogenase). 

6.4. Glutaredoxins 

Glutaredoxins (Grxs, also known as thioltransferases) specifically catalyze the displacement of 
GSH from protein-glutathione mixed disulfides (protein-SSG) through a thiol disulfide exchange 
reaction (protein-SSG + GSH protein-SH + GSSG). As described under protein-S'-glutathionylation 
(below), the reversible formation of protein-SSG can serve to modulate the functions of specific 
proteins that serve as intermediates in signaling pathways that mediate cell survival versus cell death. 
Analogous to phosphatase action in kinase signaling cascades, glutaredoxin can regulate the 
steady-state levels of protein-SSG signaling intermediates. Glutaredoxins display an exquisite 
specificity for GSH-containing protein mixed disulfides, and GSH is also the preferred substrate for 
reducing the Grx-SSG catalytic intermediate, resulting in net formation of GSSG (for review of Grx 
catalysis see [58]). Like glutathione peroxidase, coupling of the catalj'tic cycle of Grx to glutathione 
reductase and NADPH replenishes GSH (Figure 3). 

7. Oxidative Stress and Dysregulation of Thiol Homeostasis 

Oxidative stress has been implicated as a factor mediating initiation and progression of many 
neurodegenerative diseases, including Alzheimer's disease (AD), Parkinson's disease (PD), 
Huntington's disease (HD), amyotrophic lateral sclerosis (ALS/Lou Gehrig's disease), and 
Friedreich's ataxia (FA) [59-64]. Oxidative stress is a condition of overabundance of reactive oxygen 
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species and/or reactive nitrogen species (RNS). ROS are relatively unstable molecules (superoxide, 
hydrogen peroxide, hydroxyl radical) derived from molecular oxygen by electron addition, and RNS 
refers to nitric oxide (generated by nitric oxide synthetases) and its derivatives. Accumulation of 
excess ROS/RNS can oxidize cellular components; including lipids, proteins, and DNA, leading to 
impaired function and eventually cell death. Oxidative stress damage in vivo has been attributed to 
H2O2 or superoxide reacting with divalent metal ions to form hydroxyl radicals. Hydroxyl radicals, 
however, are such highly reactive species that they probably are not the proximate mediators of tissue 
damage. More likely, two electron-based reactive species like H2O2 (and peroxynitrite (see below)) 
react with protein-cysteine residues to mediate the damage that leads to cell death. Thus, emphasis in 
this review is focused on disruption of protein thiol homeostasis, which is mostly mediated by 
non-radical reactions, as a major basis of neurodegenerative disease. This point of view is reinforced 
by a compelling analysis of how covalent modifications of cysteine resides can more effectively 
account for tissue damage due to oxidative stress in human diseases than free radical-mediated 
reactions [65]. Thus, thiol homeo-stasis involving GSH is a major theme of this review. An alternative 
perspective based on studies with yeast was recently presented [66], where GSH was suggested to be 
more important for iron metabolism than thiol homeostasis. However, this provocative viewpoint 
warrants further investigation in broader contexts. The magnitude to which ROS play a role in 
neurodegenerative diseases may be due in part to the extensive production of ROS in the brain. 
Although small, the brain uses about 20% of the body's oxygen supply [67], and a considerable 
amount is converted to ROS. Moreover, relative to other organs the brain has lower levels of ROS 
scavenging enzymes and a richer supply of unsaturated lipids that can propagate damage through 
reactive aldehyde products of lipid peroxidation [10]. ROS generation in the brain comes fi-om 
multiple sources. Leakage of electrons to molecular oxygen at various points in the mitochondrial 
electron transport chain is the main source of ROS [68]. Complex I (NADH ubiquinone 
oxidoreductase) and complex III (ubiquinone-cytochrome C oxidase) produce superoxide and 
consequently peroxide as by-products of their enzymatic activities [69]. Additionally, H2O2 in the 
brain is a natural product of monoamine oxidase (MAO) reactions. The MAO enzymes catalyze the 
oxidation of neurotransmitters, thereby terminating their activity. For example, dopamine is oxidized 
by MAO-B with the concomitant conversion of O2 to H2O2 [70]. It is especially noteworthy that 
dopamine oxidation via MAO or autooxidation occurs primarily in the substantia nigra where 
oxidative stress is associated with loss of neurons, the pathological basis for Parkinson's disease. 
Additional sources of ROS (specifically superoxide that dismutates to produce H2O2) include the 
NADPH oxidase enzymes (NOX) [71] and other flavoenzymes. ROS-mediated damage has been cited 
as a probable contributing cause for all of the common neurodegenerative diseases, implicating that the 
natural antioxidant defense mechanisms are overwhelmed in these cases. 

Besides sources of ROS generation, the brain also has an abundant supply of nitric oxide (NO) due 
to the presence of neuronal NO synthase (nNOS). Unlike hydroxyl radical, superoxide and NO are not 
so reactive, but the radical recombination reaction between these two species produces the toxic 
oxidant peroxynitrite (ONOO~) at a rate one million times faster than OH-radical formation; and the 
more stable ONOO" can diffuse 10,000-times farther than OH-radical [72]. Like ROS, ONOO" leads 
to the oxidation of proteins, lipids, and DNA, but also mediates nitration of tyrosine residues. In turn, 
lipid peroxidation leads to formation of reactive aldehydes such as 4-hydroxynonenal (4-HNE) that 
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covalently modifies cysteine residues via Michael addition. For example, 4-HNE inhibits the activity 
of GPx and thereby exacerbates oxidative stress. Figure 4 provides a schematic representation of 
various intracellular reactions that generate potentially cytotoxic ROS. 



Figure 4, ROS production within cells. 




The main source of ROS generation is from the mitochondrial electron transport system, 
specifically complexes 1 and III. Additional ROS generation is from flavoproteins, represented by 
MAO-B in this diagram. The NADPH oxidase family of enzymes (labeled NOX) can also 
contribute to ROS production. Neuronal Nitric Oxide Synthase (nNOS) is the source of nitric oxide 
(NO) which reacts rapidly with superoxide to form the reactive peroxynitrite (ONOO ). 



8. Mitochondrial Glutathione: Transport and Regulation of Apoptosis 

GSH is synthesized in the cytoplasm of cells and must be transported into the mitochondria. The 
transport of GSH into the mitochondria is critical as GSH impacts apoptosis and cellular survival. The 
mitochondrial GSH accounts for approximately 15% of cellular glutathione, hi general the 
mitochondrial GSH:GSSG ratio is greater than that of the cytosol, resulting in a more reducing 
environment [73,74]. One study of the GSH and GSSG levels in rat mitochondria reported that liver 
GSH concentration was 8.4 pM and GSSG was 0.02 pM, corresponding to approximately 250:1 
GSH:GSSG ratio [75]. However, in brain mitochondria the GSH was reported to be 5.5 pM and 
GSSG 0.09 pM, giving an approximately 50:1 GSH:GSSG ratio [75]. The reason for this difference in 
redox ratio between tissues is not known, and should be investigated further. 
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Two major GSH transporters have been identified: the 2-oxoglutarate carrier and the dicarboxylate 
carrier (reviewed in [76]). It is unclear currently as to which of these transport mechanisms is the 
predominant system for importing GSH into neuronal tissue. Kamga et al. reported western blot 
analyses showing that both the 2-oxoglutarate carrier and the dicarboxylate carrier are found in 
neuronal and glial cells of mice [77]. Additionally, they reported ~40% loss of the glutathione when 
cortical mitochondria were treated with a dicarboxylate carrier inhibitor; whereas only ~3% loss was 
observed with a 2-oxoglutarate carrier inhibitor [77]. These results demonstrate that the dicarboxylate 
carrier is the major transporter of GSH into the cortical mitochondria. However, mitochondria from 
granule neurons may present a different perspective. Wilkins et al. showed that BCL-2 
co-immunoprecipitates with the 2-oxoglutarate carrier in primary cerebellar granule neurons [78]. 
Additionally, dual overexpression of the 2-oxoglutarate carrier and BCL-2 in CHO cells led to a 
substantial (-25%) increase in mitochondrial GSH [78]. Although the increase in mitochondrial GSH 
was found in CHO cells under overexpression conditions, the co-immunoprecipitation in primary 
cerebellar granule neurons suggests that the 2-oxoglutarate carrier in concert with BCL-2 may play a 
role in mitochondrial GSH uptake in neuronal cells; but further study is necessary. 

Oxidative stress is known to induce apoptosis, and mitochondrial GSH status has become 
recognized as an important determinant in apoptosis. Work by Colell et al. reported that selective loss 
of hepatocyte mitochondrial GSH in ethanol-fed rats causes sensitization to TNF-a [79]. The 
hepatocytes from the ethanol-treated rats displayed approximately a 25% increase in cell death 
compared to control, and this increase in cell death could be ablated by incubation of the primary 
hepatocytes with GSH-ethyl ester prior to TNF-a addition [79]. Furthermore, the sensitization to 
TNF-a was recapitulated in control hepatocytes in which approximately 70% of mitochondrial 
GSH was depleted compared to approximately 25% of cytosolic GSH depletion using 
3-hydroxyl-4-pentenoate [79]. Additional support for mitochondrial GSH in regulation of apoptosis is 
conveyed by the report (described above) that overexpression of the 2-oxoglutarate carrier and/or 
BCL-2 in CHO cells protects against HaOa-induced cell death [78]. While the studies described above 
implicated a critical anti-apoptotic role for mitochondrial GSH in non-neuronal tissue, 
Muyderman et al. reported that treatment of rat primary astrocytes with ethacrynic acid resulted in loss 
of virtually 100% of the mitochondrial GSH in 15 min [80]. Ethacrynic acid treated astrocytes were 
subjected to 3-morpholinosydnonimine (a peroxynitrite generator) and showed a 3 fold increase in 
LDH release (indicating cell death) and -40%) decrease in ATP production (indicating mitochondrial 
dysfunction), compared to controls [80]. Thus, mitochondrial GSH in astroc5'tes appears to be vital for 
defense against oxidant-induced cell death. 

Apoptosis is key to neurodegenerative disease progression, and there is evidence that mitochondrial 
GSH may play a key role in regulating apoptosis. To further understand the role of mitochondrial GSH 
in neurodegenerative diseases, more direct studies involving cell lines and primary cells are needed. If 
alteration of mitochondrial GSH is established as a key factor in neurodegeneration, then studies 
seeking inducers of the 2-oxoglutarate carrier and/or the dicarboxylate carrier would be valuable. It is 
noteworthy that the genes for both the 2-oxoglutarate carrier and the dicarboxylate carrier have 
transcription factor Jun binding sites near the promoter (UCSC Genome Browser). Therefore targeting 
Jun may be an option for increasing expression of these carriers. 
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9. Protein Degradation and Aggregation 

In addition to ROS damage and apoptosis, another hallmark of neurodegenerative diseases are 
dysregulation of protein degradation and formation of protein aggregates. Protein aggregates have 
been linked to AD, PD, HD and other neurodegenerative diseases (for an excellent review on 
neurodegenerative disease and protein misfolding see [81]). Protein aggregation appears to be caused 
by an aberrant amount and/or modification of particular proteins in the cells. The perturbation due to 
changes in protein level/modifications is often caused by dysfunction of protein degradation 
complexes, leading to abnormal protein turnover, which has been implicated in many neurodegenerative 
diseases [82]. In this regard, the GSH-dependent antioxidant network has been implicated in regulation 
of protein degradation pathways involved in regulation of cell survival [83,84]. 

The protein degradation process removes misfolded, damaged, or otherwise non-functional 
proteins. Degradation can occur through either the ubiquitin/proteasome system or by autophagy. 
Proteins bound for the proteasome are primed with ubiquitin molecules by an ubiquitin ligase targeting 
system [85]. These proteins are then shuttled to the proteasome where they are broken down 
catalj'tically into small peptide fragments. Autophagy is a cellular system that uses the acidic 
lysosomes to break down proteins during times of starvation and when the ubiquitin proteasome is 
dysfunctional [86]. Autophagy can also be a mechanism of induced cell death. Dysfunctions in the 
ubiquitin/proteasome system and in autophagy have been implicated in neurodegenerative diseases [86]. 

Misfolded proteins are hazardous to the cell, and need to be either refolded properly or degraded. 
Folding of proteins occurs in the lumen of the endoplasmic reticulum (ER) [87], where chaperone 
molecules assist in configuring nascent polypeptide chains into stable three-dimensional structures. 
Formation of disulfide bonds is critical in folding and maintaining the proper 3 -dimensional 
conformations of many proteins. Accordingly, protein disulfide isomerases catalyze disulfide bond 
formation and isomerization, facilitating proper pairing of cysteine residues [88]. Unlike most of the 
cell (which maintains a 100:1 GSH:GSSG ratio), the ER has an unusually oxidative environment 
estimated at a 5:1 GSH:GSSG ratio, and protein disulfide isomerase catalysis is enabled by this 
oxidative environment [89,90]. Before proteins leave the ER they must pass checkpoints for correct 
folding or be returned for re-folding. Proteins unable to be refolded properly are ubiquitinated and sent 
to the proteasome for degradation. In general the phenomenon of dysregulated protein folding in the 
ER is called ER stress that triggers the so-called unfolded protein response that can lead to cell 
survival or commitment to apoptosis. The role of ER stress-induced apoptosis has been reviewed 
recently [91]. 

When misfolded proteins are not adequately removed from cells, protein aggregation may occur. 
Particular types of protein aggregates have been identified as hallmarks of some neurodegenerative 
diseases: AD (amyloid beta plaques), PD (alpha synuclein-containing Lewy bodies), HD (huntingtin 
protein aggregates), and ALS (SODl aggregates) [92-95]. Irreversibly misfolded proteins are usually 
ubiquitinated to target them for degradation. The addition of the ubiquitin moiety is facilitated by 
E3 ligase enzymes that are highly specific for distinct protein families or individual proteins. 
Modification/deactivation of E3 ligases would disrupt degradation of their protein substrates. 
For example, TRAF6, a molecule containing E3 ligase properties, is regulated through 
S'-glutathionylation [96], suggesting that alterations in glutathionylation status under oxidative stress 
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would impair clearance of TRAF6 -dependent substrates, and indeed TRAF6 has been implicated in 
Lewy body formation in PD [97]. 

Not only can the targeting mechanism (E3 ligases) of protein degradation be regulated by 
glutathionylation, but also so can the major protein complex responsible for protein degradation, the 
proteasome. Once ubiquitinated, proteins are transported to the proteasome where they are degraded. 
The catalj^ic activity of the proteasome has been reported to be inhibited by glutathionylation of the 
20S subunit [98,99]. Lihibition of proteasome activity would lead to protein build up, formation of 
aggregates and potentially cell death. Figure 5 depicts a scenario by which disruption of normal protein 
degradation via ^-glutathionylation could lead to protein aggregation and cell death. 



Figure 5. A role for protein ^-glutathionylation in regulating protein aggregation. 
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Glutathionylation of the proteasome can lead to protein aggregation and cell death. 
Polyubiquitinated proteinsare degraded properly in a fully functional proteasome in the appropriate 
thiol redox state (Proteasome-SH). Deactivation of the proteasome by glutathionylation 
(Proteasome-SSG), leads to impaired protein degradation, increased protein aggregation and 
eventually cell death [98,99]. 



10. Protein iS-Glutathionylation in Cellular Homeostasis and Regulation 

As described in several contexts (above), protein ^-glutathionylation is a specific posttranslational 
modification resulting from the disulfide adduction of GSH to a reactive cysteine on a target protein. 
This glutathionyl disulfide can serve to protect proteins from irreversible cysteine oxidation and/or 
serve as a functional modification analogous to phosphorylation [100]. 
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The most likely mechanism for ^'-glutathionylation involves oxidation of a protein-cysteine 
moiety by H2O2, resulting in sulfenic acid formation (protein-SOH). This sulfenic acid is then 
converted to a mixed disulfide (protein: SSG) by a reaction with GSH causing the release of water. It is 
also been reported that the conversion of protein-SOH to protein-SSG could be catalyzed by a 
glutathione-^-transferase enzyme specifically delivering GSH to the protein-SOH moiety [101] 
(alternative mechanisms for protein S'-glutathionylation are reviewed in depth in [102]). Regardless of 
mechanism, the conversion of the protein-sulfenic acid to protein-SSG serves as a protective 
mechanism which blocks further oxidation of the cysteine residue to sulfinic (protein-S02H) or 
sulfonic (protein-S03H) acids, which are irreversible modifications leading to protein degradation. 
Protein-SSG formation is specifically and efficiently reversed by glutaredoxin [58], restoring 
protein-SH when the oxidative stress subsides [103,104]. 

In addition to protein protection, ^-glutathionylation is recognized as a mechanism of redox signal 
transduction and dynamic regulation of protein function. Analogous to phosphorylation of serine, 
threonine, and tyrosine residues, glutathionylation of cysteine residues can enhance or inhibit the 
activities of different proteins, promoting subcellular translocation or changing protein degradation 
patterns. Over the past decade, many proteins have been identified whose functions are changed by 
site-specific ^-glutathionylation. However, demonstration of protein glutathionylation and functional 
alteration of proteins in vitro implies but does not document an intracellular regulatory mechanism. 
For glutathionylation of a particular protein to be considered physiologically relevant, it must occur 
intracellularly under natural conditions and elicit a physiological response (see previous 
reviews [103,105]). /S-Glutathionylation plays an important role in cellular homeostasis and regulation 
of the balance between cell survival and cell death, and it appears to be one of the important 
manifestations of changes in GSH and GSSG content in the cells. The impact of alterations in protein 
i'-glutathionylation in neurodegenerative diseases is discussed for specific examples in this document, 
and it is reviewed in more detail in [104]. 

11. Impairment of Glutathione Homeostasis in Neurodegenerative Diseases 

GSH, the GSH-dependent enzymes, and redox regulation involving ^'-glutathionylation in signal 
transduction and sulfhydryl homeostasis are all considered to be key determinants of antioxidant 
protection against neurodegeneration. Dysregulation of the GSH-based antioxidant network in any way 
may contribute to the initiation and progression of the neurodegenerative diseases. In this section, 
examples of such dysregulation are discussed in the context of common neurodegenerative diseases: 
Parkinson's disease, Alzheimer's disease, Huntington's disease, Friedrich's ataxia, and amyotrophic 
lateral sclerosis (ALS/Lou Gehrig's disease). Table 1 provides an outline overview of reports pertinent 
to this consideration. 
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Table 1. Alterations in glutathione homeostasis that may contribute to 
neurodegenerative diseases. 



Disease 


Reported 
Changes in 
Patient 
Glutathione 
Homeostasis 


Reported 
Alterations in 
Glutathione 
Related Enzymes 


ROa implicated m 
Disease 


Reported 
Protein 
Aggregation 
Associated with 
Disease 


Reported Protein 
Glutathionylation 
Associated with 
Disease 


Parkinson's 


Decrease in 


GST-Pl (pi) mutation 


Environmental factors 


a-Synuclein 


NADP-dependent 


Disease 


substantia nigra 


is associated with 


that cause PD lead to 


aggregates [92] 


isocitrate 




GSH[106] 


increased PD 
susceptibility [111] 


oxidative damage [64] 




dehydrogenase [115] 


Alzheimer's 


Decrease in 


GPxl mutation may 


Beta amyloid may lead to 


Beta-amyloid, 


Tau [116] 


Disease 


erythrocyte 


be a risk factor for 


mitochondrial instability, 


Tau aggregates 






glutathione [107] 


AD [112] 


leading to increased ROS 
production [63] 


[93] 




Huntington's 


Decrease in plasma 


Decreased GPx 


Increased ROS 


Huntingtin 


NR 


Disease 


GSH [108] 


activity in 
erythrocytes [113] 


production in mutant 
huntingtin-containing 
cells treated with 

thapsigargin [61] 


aggregates [94] 




ALS 


Decrease in 


Decreased GST pi 


Mutated SODl increases 


SODl 


SODl [117] 




erythrocyte 


(PI) expression in 


ROS levels [62] 


aggregates [95] 






GSH [109] 


motor brain 
cortex [114] 








Friedreich's 


Decrease in free 


NR 


FA cells show an 


NR 


Actin[118] 


Ataxia 


glutathione in 
erythrocytes [110] 




increased sensitivity to 
oxidative damage [60] 







NR = not reported. 



11.1. Parkinson 's Disease 

PD is the second most common neurological disorder, affecting over one million people in the USA 
alone. Characterized by unsteady gait, resting tremor and rigidity, PD is a physically debilitating 
disease [119]. PD appears to be caused by a selective loss of dopamine-producing neurons in the 
substantia nigra. The pars compacta subregion contains the greatest density of dopaminergic neurons 
responsible for propagating the signals that control voluntary movement. The neuronal death and 
progression of PD is thought to be induced largely by ROS [64]. ROS involvement in PD progression 
is consistent with the concept that impairment of the protective roles of GSH and associated enzymes 
could lead to PD initiation or exacerbation. For example, in post mortem brain tissue from PD patients, 
samples showed decreased content of GSH compared to controls [106]. The authors reported that 
postmortem times were the same for the PD patient's and control samples [106]. In cellular models of 
PD, sensitivity to ROS has also been documented. For example, lentiviral overexpression of GPxl in 
SH-SY5Y cells provided robust protection against 6 OH-DA challenge [120]. Using the same vector, 
mice overexpressing GPxl also showed a significant protection against 6 OH-DA induced 
dopaminergic degeneration [120]. 
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Mutations in a number of specific genes have been associated with familial PD. Remarkably; many 
of the corresponding proteins have been shown to have cysteine residues sensitive to oxidation. Thus, 
redox sensitive proteins associated with familial PD include a-synuclein. Parkin, and DJ-1. 
a-Synuclein was the first gene correlated to familial PD. Its aggregation is involved in Lewy body 
formation and subsequent neuronal cell death [121]. Oxidized glutathione (GSSG) is known to 
accelerate this aggregation [122], and neuronal death associated with a-synuclein in Drosophila can be 
rescued by interventions that increase reduced glutathione [123]. DJ-1 is an important cellular redox 
sensor, and mutations in DJ-1 resulting in loss of enzymatic function have been shown to cause 
autosomal recessive PD [124]. Loss of functional DJ-1 protein by cysteine modification could 
recapitulate the effects due to loss of function mutations. In this regard, knockdown of Grxl, the 
primary enzyme responsible for deglutathionylation, was found to result in decreased DJ-1 protein 
content without affecting mRNA levels [125]. These results suggest that impairment of DJ-l's 
antiapoptotic activity by 5'-glutathionylation of oxidant-sensitive cysteines may be critical in DJ-1 
induced PD; however, further studies are needed to verify this interpretation. Parkin is an E3 ligase, 
and similar to DJ-1, mutations have been shown to cause autosomal recessive PD. Parkin has cysteine 
residues that are susceptible to oxidative modification with concomitant inhibition of ligase 
activity [126]. Drosophila lacking Parkin display increased neuronal degeneration compared to 
controls. Moreover, induction of an antioxidant response that leads to increased GSH rescues the 
dopaminergic neuronal degeneration [123]. These studies indicate that oxidative modifications affect 
proteins identified with familial PD. Certainly, more studies are needed with various models of PD to 
elucidate the complex relationships between oxidative modifications of specific proteins and onset and 
progression of PD. Such studies are expected to shed light on PD pathogenesis and reveal connections 
between heritable and sporadic PD. 

Besides the coincidence of oxidant sensitivity with proteins whose mutations are linked to PD, there 
are also reports of GSH-dependent enzymes whose mutations are correlated with PD. For example, 
GST-Pl is an isoform of GST involved in many cellular processes including xenobiotic clearance and 
apoptosis [127,128], and its mutation has been correlated with increased risk of PD [54]. Thus, 
Vilar et al. determined that 69-year old or older patients in their cohort who were heterozygous for the 
isoleucine-105 to valine substitution in GST-Pl had a doubled risk for PD [111]. Lymphocytes from 
patients with either IleA^al or Val/Val genotypes at position 105 had significantly decreased GST 
activity compared to patients with the normal Ile/Ile genotype [129]. Additionally, lymphocytes 
isolated from patients harboring the Ile-105 to Val mutation had increased DNA damage [129,130]. 
These reports suggest that GST-Pl plays an important role in dopaminergic nerve cell survival. 
Considering the primary function of this enzyme, one might speculate that it plays a key role in 
scavenging electrophilic oxidative metabolites of dopamine (e.g., dopaquinone), serving to protect 
neuronal proteins from irreversible Michael adduction reactions. Future studies are necessary to test 
this hypothesis. 

In vitro and in vivo studies have started to delineate molecular mechanisms that link alterations in 
GSH-associated functions and cell death in PD. Engineered variation in GSH content itself has been 
associated with neuronal death. Using rat nigral dopaminergic cells, Garrido et al. showed that knock 
down of GSH synthesis by viral based RNAi directed against GCS, or over-activation of GSH 
synthesis, increased neuronal cell death [131]. These observations indicate that GSH content is finely 
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regulated in healthy neurons, so that a shortage or an overabundance may jeopardize cell survival. 
Previous data reported by Sabens et al. showed that GSH depletion by BSO (a GCS inhibitor) 
substantially increased sensitivity of SH-SY5Y dopaminergic cells to L-DOPA-induced apoptosis [53]. 
These authors also reported that L-DOPA treatment led to inactivation of Grxl in the cells, likely due 
to dopaquinone adduction of Cys-22 of the enzjane, as documented in vitro by mass spectrometry. 
A key role for Grxl in neuronal cell survival was further supported by increased apoptosis in untreated 
cells in which Grxl was knocked down by siRNA [53], suggesting that disruption in the regulation of 
protein glutathionylation may predispose these dopaminergic cells to apoptosis [132]. 

Consistent with the hypothesis of altered thiol-disulfide homeostasis (above), glutathionylation of 
isocitrate dehydrogenase is reported to occur in mouse brains after treatment with MPTP, linking it to 
a model of PD [115]. Furthermore, glutathionylation of isocitrate dehydrogenase inactivates the 
enzyme [115]; and knockdown of isocitrate dehydrogenase expression by siRNA increases 
susceptibility to apoptotic stimuli [133]. More recently, it has been reported that enzymatic 
inactivation of isocitrate dehydrogenase exacerbates (-)-epigallocatechin-3-gallate induced apoptosis 
in HeLa cells [134]. Thus, the enzymatic activity of isocitrate dehydrogenase appears to play an 
important role in regulating cell survival. Taken together these observations suggest that 
oxidant- induced deactivation of isocitrate dehydrogenase could contribute a pivotal role in PD. 
Inactivation of isocitrate dehydrogenase through glutathionylation is likely one of many examples by 
which oxidative stress induced protein modification of PD-linked proteins may alter function. 
Assessment of global changes in protein glutathionylation patterns in postmortem sample from PD 
patients compared to controls has not been reported. Such data could lead to new glutathionylated 
targets involved in PD pathogenesis. 

11.2. Alzheimer's Disease 

Alzheimer's disease (AD) is currently the most common neurodegenerative disease. AD is 
characterized pathologically by beta-amyloid plaque formation and neurofibrillary tangles (tau 
containing moieties) in the brain. Symptoms of AD include memory loss and increasing dementia. 
Oxidative sfress has been implicated in AD progression. This is supported by the observation that 
dissected post mortem AD brains show an increase in both nuclear and mitochondrial DNA oxidative 
damage in the cerebral cortex and cerebellum compared to age matched confrols [135]. Additionally, 
amyloid-beta has been shown to be a pro-oxidant itself, and this feature of amyloid-beta has been 
proposed to be partially responsible for ROS generation [136]. This oxidation is thought to play an 
important role in neuronal death that leads to AD development and progression [137]. 

Analogous to patients with PD, mutations in GSH-dependent enzymes are reported to confer 
increased susceptibility to AD. For example, a polymorphism in the GPxl gene (Prol98Leu) was 
identified as a possible risk factor in AD development [112]. In vitro, the GPxl Prol98Leu mutant has 
been shown to have a small (10%) but significant diminution in enzymatic activity compared to WT 
GPxl [138]. These data are consistent with a report that indicates that serum samples from AD patients 
have decreased GPx activity compared to healthy age -matched controls [139]. Additionally, 
polymorphisms in GST genes have been hnked to early onset as well as faster cognitive decline in AD 
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patients [140]. Blood samples from patients with severe AD were reported to have both a lower 
erythrocyte content of GSH and an increased level of GSSG compared to age-matched controls [107]. 

While the studies described above examined patient data, mechanistic studies with animal models 
and cell culture may also clarify the role of disrupted GSH homeostasis in AD. A recent study of mice 
harboring a mutation in the APP gene and a deletion in exon 9 of the presenilin-1 gene found that 
amyloid plaque deposits in the transgenic mice were increased at 6 months of age [141]. Notably, both 
genes are associated with familial AD. Consistent with increased oxidative stress and/or impairment of 
glutaredoxin activity, Zhang et al. reported an increase in protein- SSG levels in the cerebrum and 
cerebellum one month after birth in the same APP/presenilin-1 mutant mice [142]. The increase in 
protein- SSG in the cerebrum was still evident at the end of the 11 -month monitoring period [142]. 
Although generalized increases in protein-SSG provide evidence for an oxidative stress condition, they 
do not provide much insight regarding mechanisms of progression of AD. Future studies would be 
more insightful by investigating the glutathionylation status and functional integrity of proteins 
directly implicated in AD initiation and progression. In this regard, human recombinant Tau protein, a 
building block in neurotibrillary tangles in AD, has been identitied as being 5'-glutathionylated 
in vitro [116]. Considering the effects of glutathionylation that they observed on dimer equilibrium and 
rapid tilament assembly of Tau-SSG, the authors speculated that a free thiol in Tau might retard 
tilament assembly [116]. This speculation would imply that aberrant glutathionylation of Tau may 
result in an increased level of neurofibrillary tangles. However, further study is necessary to pursue 
this mechanism, including manipulation of the activity of glutaredoxin in vivo. 

Increasing intracellular GSH as a protective approach against AD progression has shown promise. 
iV-acetylcysteine can serve as a precursor for de novo synthesis of GSH. Accordingly, mice pretreated 
with NAC prior to intracerebro ventricular injection of beta-amyloid showed an increased ability to 
learn and an improved memory function relative to controls [143]. As expected, GSH content was 
increased (almost double initial GSH levels) after iV-acetylcysteine treatment. Additionally, protein 
and lipid oxidation were decreased [143]. The elevated GSH could have blocked the pro-oxidant 
effects of the beta-amyloid and prevented onset of the AD-like syndrome, or it might support more 
efficient repair of beta-amyloid mediated oxidative damage. Further work is needed to elucidate the 
mechanism. In another study, the model AD transgenic mice carrying mutations in APP and presinilin 
were given NAC orally for tive months prior to the typical onset of plaque formation. The transgenic 
mice treated with NAC displayed lower amounts of lipid and protein oxidation and an increase in GPx 
and GR activities, reflecting a broad enhancement of antioxidant defenses. The mechanism for the 
induction of the GSH-dependent enzymes, however, is not known [144] and requires follow up studies. 

Studies of cell culture models could provide mechanistic insights into the protective effects of NAC 
in the animal models. Thus, NAC administration to primary cortical neuron cultures decreased activity 
of typical signal transduction pathways that mediate cell death, including the MLK/JNK pathway [145]. 
Buildup of beta-amyloid molecules leads to plaque formation in AD, and the beta-amyloid is generated 
by y-secretase-catalyzed cleavage of amyloid precursor protein (APP). Accordingly, limiting APP 
protein formation would be expected to decrease plaque formation. NAC administration was found to 
inhibit APP transcription to almost undetectable levels in SH-SY5Y cells; unfortunately, changes in 
the protein expression were not measured [146]. Down regulation of cell death pathways and decrease 
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in APP synthesis may represent only a subset of the protective effects NAC administration confers in 
models of AD. 

The promising results of NAC in cell culture and mouse models of AD have led to human studies. 
Administration of 50 mg/kg/day of NAC daily for the duration of the study (6 months) resulted in 
favorable changes in some but not all cognitive measurements in human volunteers [147]. A case study 
by McCaddon and Davies reported that a 65-year-old man diagnosed with AD, severe dementia, and 
low GSH had an increase in word finding abilities and communication skills after NAC addition to his 
treatment regimen (duration of GSH regimen unknown) [148]. Although these studies represent a 
small subset of patients, they warrant consideration of a broader study to verify the effectiveness of 
NAC in AD. As of April 2012, a multi-site phase II clinical trial is recruiting patients to assess whether 
a nutraceutical (containing among other compounds 600 mg of NAC) maintains or improves cognitive 
performance in patients with AD or mild cognitive impairment (clinical trial identifier NCTO 1320527). 
Additionally, a study is in progress (clinical trial identifier NCTO 1370954) to test the effects of 
CerefolinNAC (a nutraceutical preparation containing L-methylfolate, B12 and 600 mg NAC) on 
"managing proper neuronal function in the brain" in patients with mild cognitive impairment, vascular 
dementia, or AD. With this combination (discussed in a recent review [149]), it appears that the 
L-methylfolate and NAC are added for different primary purposes. The rationale for NAC is 
straightforward, i.e., to provide a precursor for GSH synthesis. The rationale for L-methylfolate 
appears to be as a precursor for vitamin B12 synthesis based on the sensitivity of B12 to oxidative stress. 
There is also the consideration that ^-adenosyl methionine formation stimulated by L-methylfolate 
could serve as a source of homocysteine for the transsulfuration pathway to cysteine, but this is rather 
convoluted and certainly less direct than NAC. While the current studies are not ideal; i.e., each 
supplement contains active compounds other than NAC, they may add support to previous indications 
of potential beneficial effects of NAC for AD patients. If benefits of these combination supplements 
are observed, then the contributions of each active ingredient toward AD relief need to be examined 
separately in appropriate models. 

11.3. Huntington 's Disease 

Huntington's disease (HD) is a progressive neurodegenerative disorder characterized by rapid 
involuntary movements and dementia eventually leading to death. Its genetic cause is an autosomal 
dominant trinucleotide expansion (CAGCAG...) in the huntingtin gene. The underljdng mechanism 
through which the expressed mutant huntingtin protein causes neuronal degeneration is still unclear, 
but oxidative damage has been implicated by post mortem studies reporting an increase in oxidized 
cellular components [150]. 

Similar to the other neurological diseases, GSH and GSH-dependent enzymes have been shown to 
be dysregulated. HD patients have decreased GSH content in plasma samples compared to age 
matched controls [108]. Additionally, GPx activity in erythrocyte samples from HD patients is 
reported to be lower than in age matched controls [113]. Another study, however, reported no 
difference in GPx activity in fibroblasts cultured from HD versus non-HD patients [151]. The reason 
for this discrepancy is unclear, but the underlying cause may reflect cell specificity, prompting 
measures of GPx activity in samples from post mortem brain to determine which of the surrogate 
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samples may be more representative of the brain cells. Ideally, cell culture lines could be generated 
from neurons taken from HD and non-HD individuals. 

Animal models of HD have given a small glimpse into what may occur in HD patients. Oddly, the 
HD mouse model R6/2 (a mouse model carrying the human HD gene plus roughly 120 CAG 
repeats [152]) showed a significant increase in GSH content in the mitochondria isolated from the 
cortex and striatum [153]. The authors hypothesize that the increased GSH could be a compensatory 
mechanism for increased ROS production, although the authors did not specifically measure ROS or 
other products of oxidative stress. Much like MPTP induction of PD symptoms, chemical induction of 
HD-like symptoms; i.e., dyskinetic movements, can be achieved with the addition of 3-nitropropionic 
acid. Rats treated with nitropropionic acid showed a decrease in total (cj^osolic plus mitochondrial) 
GSH and a decrease in GST function in the striatum, hippocampus, and cortex [154]. Specific levels of 
GSH in the mitochondria of the brain sections were not measured; hence it is unknown if these rats had 
changes in mitochondrial GSH consistent with what was previously reported [153]. However in vitro 
use of huntingtin knock-in striatal cell lines indicates that the depletion of GSH can be blocked by the 
administration of cystamine prior to 3-NP. This stabilization of GSH content resulted in less cell death. 
Importantly, BSO treatment (GSH depletion) in conjunction with cystamine resulted in no increase in 
cell survival strongly suggesting that normal GSH levels are the mediating survival factor [155]. 
However, the mechanism(s) by which maintenance or supplementation of GSH could protect against 
HD remain to be elucidated. 

In summary, studies of alterations in content and/or fimction of GSH and GSH-dependent enzymes 
in HD have reported dysregulation in these systems. While human subjects are not conducive to 
studying disease mechanisms, HD mouse lines are available that have not been exploited thoroughly in 
this regard. The conflicting results mentioned above regarding whether GPx activity is decreased in 
HD or not could be resolved by measuring the GPx activity in the nerves from recently deceased HD 
patients. Furthermore, generation of an HD mouse that lacks or overexpresses GPx would help discern 
if changes in GPx is important in HD. Generation of new models using the previously described HD 
mouse model along with mutations in GSH-dependent enzymes could serve as the basis for discovery 
of novel HD therapeutics. 

11.4. Amyotrophic Lateral Sclerosis 

Amyotrophic lateral sclerosis (ALS, Lou Gehrig's disease) is a debilitating neurodegenerative 
disease that causes muscle afrophy and paralysis eventually leading to death. The cause of sporadic 
ALS is unknown, but since its discovery in 1993 many distinct mutations in the Cu, Zn superoxide 
dismutase (SODl) gene have been repeatedly associated with familial ALS [156]. Different SOD 
mutations have been shown to result in distinct pathology. This phenomenon has been reported in mice 
harboring various SODl mutations, including Gly37Arg, Gly85Arg, and Gly93Ala. All three distinct 
mutations result in neurodegeneration [157-159]; however, it is intriguing that none of the mutations 
results in loss of enzyme function. Nevertheless, there are some differences among the mice bearing 
different SODl mutations. For example, the Gly93Ala mice but not Gly37Arg mice have increased 
levels of oxidized proteins in the spinal cord associated with disease progression [160,161]. 
Additionally, Gly37Ala mutant mice show presymptomatic mitochondrial defects while the Gly85Arg 
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mutants do not [157,158]. Clearly, different mutations in SODl result in distinct pathogenesis. This is 
an important topic of discussion, and a more in depth review focusing on the biology of ALS including 
differences in SODl models is available [162]. 

Besides oxidative stress associated with diminished scavenging of superoxide, other studies have 
reported that depletion of GSH in vitro is accompanied by motor neuron cell death [163,164], 
simulating ALS. GSH and GSH -dependent enzymes appear to be dysregulated in ALS. For example, 
in one study erythrocyte GSH content in ALS patients was significantly lower than for age-matched 
controls; similarly, GR activity was also decreased [109]. The authors also reported that loss of GSH 
and GR activity progressed with time [109]. Studies of GPx activities in erythrocj^e samples from 
ALS patients have given mixed results with some showing significant diminution while others showed 
no change [165,166], analogous to the situation described for HD (above). Another study reported that 
mRNA levels for GST pi were significantly down regulated in the spinal cord, motor cortex, and the 
sensory cortex of ALS patients [114]. Furthermore a cohort of patients with a unique haplotype 
signature in the glutathione synthase gene was found to correlate with ALS patients who had 
exposures to metals and chemical solvents [167]. The authors speculated that because the haplotype 
covers the entire gene, "changes anywhere [in the gene] may have a deleterious effect" [167]. These 
"deleterious effects" could manifest as mutations leading to decreased synthesis of GSH; however, 
GSH levels were not determined in this study. Hence it remains to be determined whether the cohort of 
patients with the unique GS-haplotype may have lower levels of total glutathione compared to other 
haplotypes. Thus, dysfunction of the GSH-dependent enzymes GR, GST, and GPx, or in the enzjmies 
responsible for GSH synthesis may weaken antioxidant defenses fijrther amidst the already 
compromised ROS-scavenging system, leading to greater damage and ultimately cell death. 

Mechanistic studies over the past decade also speak to the role of GSH in progression of ALS. An 
intriguing study by Tartari et al. using NSC-34 cells containing an inducible Gly93Ala SODl vector, 
reported that short-term expression of Gly93Ala SODl resulted in a 30% increase in cellular GSH, 
while prolonged expression (14 passages) resulted in a 30% decrease in GSH [168]. Time dependent 
loss of GSH may explain part of the reason for latency of ALS onset. As discussed above, 
mitochondrial GSH likely plays an important role in neurodegenerative diseases. To investigate the 
role of mitochondrial GSH, stably transfected NSC-34 cells expressing mutant SODl Gly93Ala were 
reported to have depleted mitochondrial GSH [169]. This depletion of mitochondrial GSH likely 
contributed to increased apoptosis compared to controls when ethacrynic acid was added [169]. 
Additionally, Gly93Ala mice showed a decreased level of GSH and increased level of GSSG 
(indicating an oxidative environment), and increased active casapse 2 in motor neurons [164]. A more 
recent study indicated that depletion of GSH in an SODl Gly93Ala mouse model significantly 
shortened life span. The authors noted, however, that mice carrying a different mutation, SOD 
His46Arg/His48Gln, were not affected by GSH depletion [170]. Puzzled by these findings, the authors 
hypothesized that the difference might be related either to a differences in activity of the SOD mutants 
or to different subcellular localizations of the different SOD mutants. The differences in activity of the 
two mutant SODs seem to add to the puzzle rather than resolving it. Thus, SOD His46Arg/His48Gln is 
enzymatically inactive, but SODl Gly93Ala exhibits enzymatic activity. Thus, the antioxidant 
superoxide-scavenging activity of SODl paradoxically appears to be necessary for the pro-oxidant 
effect of GSH depletion, inducing cell death. This counterintuitive finding needs to be further 
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investigated. As for the differential subcellular localization of SODl, it is predominately localized in 
the cj'toplasm, but can be found in the nucleus, ER, and mitochondria. SODl-His46Arg/His48Gln, 
however, is thought to localize in the outer mitochondrial membrane; whereas SODl-Gly93Ala is 
located in the intermembrane space. Clearly, not all mutations of SOD confer the same ALS 
phenotype, and differential localization may be an important determinant that requires further study. 

Protein aggregation has also been suggested to play a key role in ALS [95]. SODl typically exists 
as a dimer; and this dimer formation is thought to protect the enzyme from damage and misfolding. 
However, SODl can self-associate into higher-level oligomers, ultimately forming cytotoxic 
aggregates [95]. A study in 2009 correlated occurrence of sporadic ALS with oxidative modification of 
SODl, reporting that roughly 50% of ALS patients displayed S-glutathionylation on the Cys-111 
residue of the enzjmie [117]. Recently, this site-specific glutathionylation was shown to destabilize and 
alter the structure of the SODl dimer, increasing its dissociation constant over 1000-fold [171]. The 
resultant increase in monomeric SODl increases the likelihood of protein damage and aggregate 
formation. These studies suggest that glutathionylation of SODl (and other proteins) may contribute 
directly to progression of ALS. 

Besides specific glutathionylation of SODl, more widespread changes in protein glutathionylation 
may alter the flinctions of other proteins and contribute to exacerbation of the ALS condition, 
suggesting impairment of Grx function as well. Clearly these speculations require further study. 

11.5. Friedreich 's Ataxia 

Friedreich's ataxia (FA) is an autosomal recessive neurodegenerative disorder typically caused by 
trinucleotide expansion of GAA in the gene encoding frataxin. Although the mutation is analogous to 
that in HD, cellular consequences differ substantially. Thus, expansion of the frataxin gene causes iron 
accumulation within the mitochondria, likely creating a milieu that enhances oxidative stress [172]. 
This report and others led researchers to examine the status of GSH and GSH-dependent enzymes in FA. 

Erythrocytes from FA patients were found to have a decreased concentration of reduced GSH but 
comparable levels of total GSH, compared to non-FA patients [110], consistent with an increase in 
protein-bound GSH (protein-SSG). A later study then documented that FA patients have increased 
spinal cord protein-SSG levels compared to healthy confrols [173]. This increase in glutathionylated 
proteins reflects an increased oxidative environment and likely explains the diminished amount of free 
GSH in the FA patients. Analysis of a yeast FA model lacking the frataxin homologue showed a 
significant increase in GPx activity, suggesting an upregulation of antioxidant capacity; but the content 
of NADPH was decreased [174]. The diminished NADPH content indicates that its supply could not 
keep up with the demand for reducing equivalents. Consequently, the ability of GR to recycle GSSG to 
GSH would be limited by the supply of NADPH. Oddly, a separate study reported that overexpression 
of frataxin in 3T3 cells resulted in decreased susceptibility to tert-hvXyX peroxide, attributed to an 
increase in GPx activity [175]. Thus, in different contexts knockout and overexpression of frataxin 
gave comparable results. Whether these opposing results are due to cell specificity or organismal 
adaptation is unknown, but fLirther study is necessary to elucidate these apparently contradictory findings. 

Fibroblasts from FA patients were found to have impaired microfilament structures, and the authors 
concluded that aberrant S-glutathionylation of actin was responsible for the abnormal polymerization 
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of actin [118]. This interpretation is supported by the previous observation that glutathionylation of 
actin at Cys-374 inhibits its polymerization [176]. Abnormalities in actin assembly have been linked to 
cellular death in other studies, including poly-glutamine induced neuronal dysfunction [177]. By 
analogy it seems that the actin dysfunction documented for FA patients may be a key contributory 
factor to neuronal cell death [177]. However, glutathionylation of other proteins may also contribute. 
Thus, consistent with the decreased content of reduced GSH in FA patient samples (cited above), a 
global increase in protein glutathionylation has been reported in FA samples [173]. 

It appears that the key to understanding and intervening therapeutically in FA may be accomplished 
through investigating in more depth the relationships among increased free iron, decreased GSH, and 
changes in glutathionylation and function of specific proteins, deciphering the benefit of reversal of 
these aberrations. 

12. Glutathione in Food/Supplements 

GSH plays a key role in protecting the body against ROS mediated damage. Increasing the levels of 
GSH within the brain may lessen the impact of oxidative stress associated with neurodegenerative 
diseases. Foods such as spinach, asparagus, and avocado contain mg quantities of GSH [178]. 
Unfortunately, consuming large quantities of these foods likely does not change the levels of GSH in 
the body. Witschi et al. showed that patients given 3000 mg of oral GSH (an amount exceeding 
100-times a typical serving of avocado) led to no significant change in blood GSH or cysteine [179]. 
While consumption of pure GSH does not increase GSH levels; studies have reported that silymarin 
(milk thistle) injected into Wistar rats can increase GSH in the liver (brain tissue was not examined), 
curcumin (found in the spice turmeric) fed to Wister rats can increase GSH in the brain; and alpha 
lipoic acid (found in various vegetables), when added to SH-SY5Y cells increased intracellular 
GSH [180-182]. The mechanisms for the increases in GSH are unclear since they might be due to a 
variety of factors, including increased transcriptional activity of proteins used to synthesize GSH, 
increased translational activity, decreased degradation of GSH, increased reduction of GSSG, 
increased transport of precursors, etc. Curcumin has been reported to induce an increase in both 
mRNA and protein levels of glutamate-cysteine ligase (a key enzyme in the synthesis of GSH) [183]. 
The mRNA and protein increases were attributed to changes in transcription factor binding capacities 
in immortalized bronchial epithelial cells [183]. Whether analogous mechanisms are responsible for 
the observed increases in GSH levels in brain tissue remains to be determined. Nevertheless, all three 
compounds (silymarin, curcumin, and alpha lipoic acid) have been reported to display some protection 
in vivo in various neurodegenerative disease models, including PD (paraquot induced), AD (APPSw 
mice), ALS (Gly93Ala mice), and HD (R6/2 mice) [184—187]. Increasing GSH content represents one 
therapeutic strategy for treating neurodegenerative diseases, and while oral intake of GSH does not 
increase GSH levels in the body, it has become apparent that small molecules can induce changes in 
GSH content in animal models. The studies cited above provide limited examples of natural agents 
taken orally with potential protective effects for neurodegenerative diseases, possibly through 
modulation of GSH levels in the brain. Such studies on natural inducers of GSH are continuing and 
much remains to be learned about their efficacy and mechanisms of action. It is important to note 
however, that these studies were performed in animal models, and results cannot be extrapolated to 
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human health until controlled trials on human subjects have been completed. The next section 
considers studies of direct intravenous administration of GSH to humans. 

13. Glutathione as a Therapeutic Agent 

Studies focusing on GSH and the GSH-dependent enzymes have revealed potential mechanisms 
and consequences of dysregulation of the GSH antioxidant network in neurodegenerative diseases. 
This realization has led some investigators to argue that GSH supplementation may be a viable 
treatment strategy for PD. As discussed above, oral GSH does not increase levels of GSH in the body; 
however, intravenous dosing of GSH apparently does [188]. In 1996 Sechi et al. undertook a 
non-blinded approach to dosing PD patients with intravenous GSH [189]. PD patients were given 
600 mg GSH twice daily for 30 days. The authors reported an impressive 42% improvement in the 
Modified Columbia University Rating Scale (a clinical diagnostic test indicating the severity of PD). 
Such an improvement, however, was not observed in a randomized double-blind pilot study conducted 
by Hauser et al. in 2009 [190]. In the latter study patients were given 1400 mg of GSH or placebo 
intravenously three times a week for four weeks [190]. 

The article by Hauser et al. prompted contrasting letters to the editors published in the journal 
Movement Disorders. One letter by Okun et al. questioned the study's statement concerning the 
possible symptomatic effect and the validity of combining the subscales (UPDRS and motor scores), 
and it raised questions about GSH crossing the BBB [191]. Additionally, Naito et al. questioned the 
safety of large doses of GSH [192]. In support of the study Dr. Sechi stated that research had shown 
that GSH does pass through the BBB [193]. Dr. Sechi referenced the study of engineered glutathione 
adducts as drug carriers by More et al. [47] that was described above. However, the Moore et al. data 
seem to conflict with the idea of specific GSH transport, because adduction of rather bulky molecules 
to GSH did not deter the GSH-conjugates from entering the cells. Therefore, while a specific transport 
mechanism has been proposed for GSH through the BBB, skepticism regarding the quantitative impact 
of that transport mechanism is warranted, as discussed above. Nevertheless, GSH itself would not have 
to cross the BBB to promote an increase in intracellular GSH content. As described (see Figures 1 and 2 
and accompan5dng text), cysteine levels limit GSH synthesis, and GGT enzymes break GSH into the 
CysGly dipeptide which has ready access into the brain cells where it serves as a precursor to cysteine 
and GSH [194]. Thus, precursors of GSH in the blood could lead to an increase in total GSH in the 
brain. Hence additional studies are warranted to distinguish the relative efficiency of GSH and its 
precursors to supplement the GSH content of neurons without eliciting toxic effects. 

iV-acetylcysteine as a GSH precursor — ^while two clinical studies using intravenous GSH injection 
have shown opposing results, studies with NAC as a cysteine/GSH precursor have shown promising 
results in mice in both PD and AD models [144,195]. As discussed above, these results have led to 
ongoing clinical trials investigating the effects of NAC, which is already a FDA approved drug, in 
combination with other nutraceuticals for treatment of AD. Additionally, as of April 2012 two studies 
are actively recruiting PD patients for clinical trials with NAC (Clinical tracker numbers 
NCT01470027 and NCT01427517). Previously, an animal study by Andreason et al. reported an 
increased survival time (Kaplan-Meier curve indicated p = 0.01 treated vs. control) and increase in 
motor movement (via rotarod) in Gly93Ala mice (ALS model) treated with 1% NAC water starting 
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from 4 to 5 weeks of age until death [196]. More recently, Sandhir et al. reported that NAC can reverse 
mitochondrial dysfunction in 3-NP treated rats [197]. These studies suggest a potential therapeutic 
benefit in ALS and HD with use of NAC; however, no clinical trials have been conducted using NAC 
in HD. One study has been completed in ALS. A clinical study addressing the therapeutic benefit of 
iV-acej'tlcysteine given at 50 mg/kg injected subcutaneously daily for 12 months showed no increase in 
survival in ALS patients compared to control [198]. Why the treatment in ALS was unsuccessful is 
unclear. The ongoing clinical trials with NAC for PD and AD, however, should help to assess the 
potential therapeutic effects of boosting intracellular GSH content without having to resolve the issue 
of direct transport of GSH into brain cells in certain neurodegenerative diseases. 

14. Glutathione as a Biomarker? 

Biomarkers for neurodegenerative diseases have been difficult to develop, but they represent an 
important area of research that could impact millions of patients quickly. Clearly, biopsy of nerves or 
the brain for tissue specific markers in a routine manner is not feasible. All of the neurodegenerative 
diseases discussed above had the common characteristic that changes in GSH content were 
observed in samples from affected patients compared to controls, regardless of whether they were post 
mortem brain samples or blood samples from live human subjects. However, the difficulty with GSH 
as a specific biomarker is that differences in GSH content could be due to a variety of dietary and 
environmental factors, and changes in GSH levels have been implicated also in other diseases ranging 
from diabetes to cancer. Thus, at best changes in GSH levels could only serve as confirmation of other 
more selective markers yet to be developed. 

15. Conclusions 

Over the past several decades the role of infracellular GSH status in neurodegenerative diseases has 
been studied intensively. Such research continues to provide mechanistic insights pertaining to the 
cellular dysfunctions of the neurodegenerative diseases, including Parkinson's disease, Alzheimer's 
disease, Huntington's disease, amyotrophic lateral sclerosis, and Friedreich's ataxia. Disruption in 
GSH homeostasis and modification of the enzymes that are dependent on GSH as a substrate have 
been linked to initiation and progression of the neurodegenerative diseases. The dysregulation of GSH 
and GSH-dependent enzymes induces a variety of cellular problems that can lead to mitochondrial 
dysfunction, accumulation of ROS/RNS damage, disruption of signaling pathways, protein 
aggregation, and ultimately cell death. It is certain that more research is needed not only to define 
more accurately how disruption of the network of GSH-dependent reactions leads to nerve cell 
damage, but also to discover new ways to prevent and/or reverse that damage and thereby develop 
more effective therapies for the neurodegenerative diseases. 

Acknowledgments 

This effort was supported in part by a Department of Veterans Affairs Merit Review Grant 
(1 101 BX000290) (J.J.M.), NIH R21 5R21NS073 170-02 (ALW), and T-32 GM008803 (WMJ). 
The authors are grateful to Michael Maguire for critical review of the manuscript. 



Nutrients 2012, 4 



1427 



Author Disclosure Statement 

No competing financial interests exist. 
References 

1. Anderson, M.E. Glutathione: An overview of biosynthesis and modulation. Chem. Biol. Interact. 
1998, 111-112, 1-14. 

2. Morales, A.; Miranda, M.; Sanchez-Reyes, A.; Colell, A.; Biete, A.; Femandez-Checa, J.C. 
Transcriptional regulation of the heavy subunit chain of gamma-glutamylcysteine synthetase by 
ionizing radiation. FEB S Lett. 1998, 427, 15-20. 

3. Rahman, I.; Smith, C.A.; Lawson, M.F.; Harrison, D.J.; MacNee, W. Induction of 
gamma-glutamylcysteine synthetase by cigarette smoke is associated with AP-1 in human 
alveolar epithelial cells. FEBS Lett. 1996, 396, 21-25. 

4. Wild, A.C.; Moinova, H.R.; Mulcahy, R.T. Regulation of gamma-glutamylcysteine synthetase 
subunit gene expression by the transcription factor Nrf2. J. Biol. Chem. 1999, 274, 33627-33636. 

5. Liu, R.M.; Gao, L.; Choi, J.; Forman, H.J. Gamma-glutamylcysteine synthetase: mRNA 
stabilization and independent subunit transcription by 4-hydroxy-2-nonenal. Am. J. Physiol. 
1998, 275, L861-L869. 

6. Sun, W.M.; Huang, Z.Z.; Lu, S.C. Regulation of gamma-glutamylcysteine synthetase by protein 
phosphorylation. Biochem. J. 1996, 320, 321-328. 

7. Lu, S.C. Regulation of glutathione synthesis. Mol. Aspects Med. 2009, 30, 42-59. 

8. Aoyama, K.; Watabe, M.; Nakaki, T. Regulation of neuronal glutathione synthesis. J. Pharmacol. 
Sci. 2008, 108, 227-238. 

9. Aoyama, K.; Watabe, M.; Nakaki, T. Modulation of neuronal glutathione synthesis by EAACl 
and its interacting protein GTRAP3-18. Amino Acids 2012, 42, 163-169. 

10. Dringen, R. Metabolism and functions of glutathione in brain. Prog. Neurobiol. 2000, 62, 
649-671. 

11. Dringen, R.; Gutterer, J.M.; Gros, C; Hirrlinger, J. Aminopeptidase N mediates the utilization of 
the GSH precursor CysGly by cultured neurons. J. Neurosci. Res. 2001, 66, 1003-1008. 

12. Thompson, G.A.; Meister, A. Utilization of L-cystine by the gamma-glutamyl 
transpeptidase-gamma-glutamyl cyclotransferase pathway. Proc. Natl. Acad. Sci. USA 1975, 72, 

1985-1988. 

13. Anderson, M.E.; Meister, A. Transport and direct utilization of gamma-glutamylcyst(e)ine for 
glutathione synthesis. Proc. Natl. Acad. Sci. USA 1983, 80, 707-711. 

14. Kranich, O.; Dringen, R.; Sandberg, M.; Hamprecht, B. Utilization of cysteine and cysteine 
precursors for the synthesis of glutathione in astrogUal cultures: Preference for cystine. Glia 
1998, 22, 11-18. 

15. Fournier, K.M.; Gonzalez, M.I.; Robinson, M.B. Rapid trafficking of the neuronal glutamate 
transporter, EAACl: Evidence for distinct trafficking pathways differentially regulated by 
protein kinase C and platelet-derived growth factor. J. Biol. Chem. 2004, 279, 34505-34513. 



Nutrients 2012, 4 



1428 



16. Watabe, M.; Aoyama, K.; Nakaki, T. Regulation of glutathione synthesis via interaction between 
glutamate transport-associated protein 3-18 (GTRAP3-18) and excitatory amino acid carrier- 1 
(EAACl) at plasma membrane. Mol. Pharmacol. 2007, 72, 1 103-1 1 10. 

17. Himi, T.; Ikeda, M.; Yasuhara, T.; Nishida, M.; Morita, I. Role of neuronal glutamate transporter 
in the cysteine uptake and intracellular glutathione levels in cultured cortical neurons. J. Neural 
Transm. 2003, 110, 1337-1348. 

18. Aoyama, K.; Suh, S.W.; Hamby, A.M.; Liu, J.; Chan, W.Y.; Chen, Y.; Swanson, R.A. Neuronal 
glutathione deficiency and age-dependent neurodegeneration in the EAACl deficient mouse. 
Nat. Neurosci. 2006, 9, 119-126. 

19. La Bella, V.; Valentino, F.; Piccoli, T.; Piccoli, F. Expression and developmental regulation of 
the cystine/glutamate exchanger (Xc~) in the rat. Neurochem. Res. 2007, 32, 1081-1090. 

20. Bannai, S.; Sato, H.; Ishii, T.; Sugita, Y. Induction of cystine transport activity in human 
fibroblasts by oxygen. J. Biol. Chem. 1989, 264, 18480-18484. 

21. Bannai, S.; Sato, H.; Ishii, T.; Taketani, S. Enhancement of glutathione levels in mouse 
peritoneal macrophages by sodium arsenite, cadmium chloride and glucose/glucose oxidase. 
Biochim. Biophys. Acta 1991, 1092, 175-179. 

22. Shih, A.Y.; Erb, H.; Sun, X.; Toda, S.; Kalivas, P.W.; Murphy, T.H. Cystine/glutamate exchange 
modulates glutathione supply for neuroprotection from oxidative stress and cell proliferation. 
J. Neurosci. 2006, 26, 10514-10523. 

23. Conrad, M.; Sato, H. The oxidative stress-inducible cystine/glutamate antiporter, system Xc~: 
cystine supplier and beyond. Amino Acids 2012, 42, 231-246. 

24. Lewerenz, J.; Maher, P.; Methner, A. Regulation of xCT expression and system Xc~ function in 
neuronal cells. Amino Acids 42, 171-179. 

25. McBean, G.J. The transsulfuration pathway: A source of cysteine for glutathione in astrocj'tes. 
Amino Acids 2012, 42, 199-205. 

26. Vitvitsky, V.; Thomas, M.; Ghorpade, A.; Gendelman, H.E.; Banerjee, R. A functional 
transsulfuration pathway in the brain links to glutathione homeostasis. J. Biol. Chem. 2006, 281, 
35785-35793. 

27. Rosado, J.O.; Salvador, M.; Bonatto, D. Importance of the trans-sulfuration pathway in cancer 
prevention and promotion. Mol. Cell. Biochem. 2007, 301, 1-12. 

28. Kandil, S.; Brennan, L.; McBean, G.J. Glutathione depletion causes a JNK and 
p38MAPK-mediated increase in expression of cystathionine-gamma-lyase and upregulation of 
the transsulfuration pathway in C6 glioma cells. Neurochem. Int. 2010, 56, 611-619. 

29. Qin, S.; Colin, C; Hinners, L; Gervais, A.; Cheret, C; Mallat, M. System Xc~ and 
apolipoprotein E expressed by microglia have opposite effects on the neurotoxicity of 
amyloid-beta peptide 1-40. J. Neurosci. 2006, 26, 3345-3356. 

30. Gras, G.; Samah, B.; Hubert, A.; Leone, C; Porcheray, P.; Rimaniol, A.C. EAAT expression by 
macrophages and microglia: Still more questions than answers. Amino Acids 2012, 42, 221-229. 

31. Hirrlinger, J.; Gutterer, J.M.; Kussmaul, L.; Hamprecht, B.; Dringen, R. Microglial cells in 
culture express a prominent glutathione system for the defense against reactive oxygen species. 
Dev. Neurosci. 2000, 22, 384^392. 



Nutrients 2012, 4 



1429 



32. Persson, M.; Ronnback, L. Microglial self-defence mediated through GLT-1 and glutathione. 
Amino Acids 2012, 42, 207-219. 

33. Flagg, E.W.; Coates, R.J.; Jones, D.P.; Eley, J.W.; Gunter, E.W.; Jackson, B.; Greenberg, R.S. 
Plasma total glutathione in humans and its association with demographic and health-related 
factors. Br. J. Nutr. 1993, 70, 797-808. 

34. Jones, D.P.; Carlson, J.L.; Samiec, P.S.; Sternberg, P., Jr.; Mody, V.C., Jr.; Reed, R.L.; 
Brown, L.A. Glutathione measurement in human plasma. Evaluation of sample collection, 
storage and derivatization conditions for analysis of dansyl derivatives by HPLC. Clin. Chim. 
Acta 1998, 275, 175-184. 

35. Dunn-Meynell, A.A.; Sanders, N.M.; Compton, D.; Becker, T.C.; Eiki, J.; Zhang, B.B.; 
Levin, B.E. Relationship among brain and blood glucose levels and spontaneous and glucoprivic 
feeding. J. Neurosci. 2009, 29, 7015-7022. 

36. Duelli, R.; Maurer, M.H.; Staudt, R.; Sokoloff, L.; Kuschinsky, W. Correlation between local 
glucose transporter densities and local 3-0-methylglucose transport in rat brain. Neurosci. Lett. 
2001,570, 101-104. 

37. Kannan, R.; Chakrabarti, R.; Tang, D.; Kim, K.J.; Kaplowitz, N. GSH transport in human 
cerebrovascular endothelial cells and human astrocytes: Evidence for luminal localization of 
Na^-dependent GSH transport in HCEC. Brain Res. 2000, 852, 374-382. 

38. Kannan, R.; Kuhlenkamp, J.F.; Jeandidier, E.; Trinh, H.; Ookhtens, M.; Kaplowitz, N. Evidence 
for carrier-mediated transport of glutathione across the blood-brain barrier in the rat. /. Clin. 
Invest. 1990, 85, 2009-2013. 

39. Kannan, R.; Kuhlenkamp, J.F.; Ookhtens, M.; Kaplowitz, N. Transport of glutathione at 
blood-brain barrier of the rat: Inhibition by glutathione analogs and age-dependence. 
J. Pharmacol. Exp. Ther. 1992, 263, 964^970. 

40. Valdovinos-Flores, C; Gonsebatt, M.E. The role of amino acid transporters in GSH synthesis in 
the blood-brain barrier and central nervous system. Neurochem. Int. 2012, 61, 405^14. 

41. Yanai, Y.; Shibasaki, T.; Kohno, N.; Mitsui, T.; Nakajima, H. Concentrations of sulfur-containing 
free amino acids in lumbar cerebrospinal fluid from patients with consciousness disturbances. 
Acta Neurol. Scand. 1983, 68, 386-393. 

42. Goudas, L.C.; Langlade, A.; Serrie, A.; Matson, W.; Milbury, P.; Thurel, C; Sandouk, P.; 
Carr, D.B. Acute decreases in cerebrospinal fluid glutathione levels after intracerebroventricular 
morphine for cancer pain. Anesth. Analg. 1999, 89, 1209-1215. 

43. Guerra-Romero, L.; Tauber, M.G.; Foumier, M.A.; Tureen, J.H. Lactate and glucose 
concentrations in brain interstitial fluid, cerebrospinal fluid, and serum during experimental 
pneumococcal meningitis. J. Infect. Dis. 1992, 166, 546-550. 

44. Cornford, E.M.; Braun, L.D.; Crane, P.D.; Oldendorf, W.H. Blood-brain barrier restriction of 
peptides and the low uptake of enkephalins. Endocrinology 1978, 103, 1297-1303. 

45. William, R.J.B.; Abbott, A.; Meister, A. Exfracellular metabolism of glutathione accounts 
for its disapperance from the basolateral circulation of the kidney. J. Biol. Chem. 1984, 259, 
15393-15400. 



Nutrients 2012, 4 



1430 



46. Muruganandam, A.; Herx, L.M.; Monette, R.; Durkin, J.P.; Stanimirovic, D.B. Development of 
immortalized human cerebromicrovascular endothelial cell line as an in vitro model of the 
human blood-brain barrier. J. 1997, 11, 1187-1197. 

47. More, S.S.; Vince, R. Design, synthesis and biological evaluation of glutathione peptidomimetics 
as components of anti-Parkinson prodrugs. J. Med. Chem. 2008, 51, 4581^588. 

48. Hosoya, K.; Tomi, M.; Ohtsuki, S.; Takanaga, H.; Saeki, S.; Kanai, Y.; Endou, H.; Naito, M.; 
Tsuruo, M.; Terasaki, T. Enhancement of L-cystine transport activity and its relation to xCT gene 
induction at the blood-brain barrier by diethyl maleate treatment. J. Pharmacol. Exp. Ther. 2002, 
302, 225-231. 

49. Wade, L.A.; Brady, H.M. Cysteine and cystine transport at the blood-brain barrier. J. Neurochem. 
1981, 37, 730-734. 

50. Killian, D.M.; Chikhale, P.J. Predominant functional activity of the large, neutral amino acid 
transporter (LATl) isoform at the cerebrovasculature. Neurosci. Lett. 2001, 306, 1-4. 

51. Anderson, M.E.; Powrie, F.; Puri, R.N.; Meister, A. Glutathione monoethyl ester: Preparation, 
uptake by tissues, and conversion to glutathione. Arch. Biochem. Biophys. 1985, 239, 538-548. 

52. Kosower, N.S.; Kosower, E.M. Diamide: An oxidant probe for thiols. Methods Enzymol. 1995, 
251, 123-133. 

53. Sabens, E.A.; Distler, A.M.; Mieyal, J.J. Levodopa deactivates enzymes that regulate 
thiol-disulfide homeostasis and promotes neuronal cell death: Implications for therapy of 
Parkinson's disease. Biochemistry 2010, 49, 2715-2724. 

54. Guan, J.; Lo, M.; Dockery, P.; Mahon, S.; Karp, C.M.; Buckley, A.R.; Lam, S.; Gout, P.W.; 
Wang, Y.Z. The Xc~ cystine/glutamate antiporter as a potential therapeutic target for small-cell 
lung cancer: Use of sulfasalazine. Cancer Chemother. Pharmacol. 2009, 64, 463^72. 

55. Shukla, K.; Thomas, A.G.; Ferraris, D.V.; Hin, N.; Sattler, R.; Alt, J.; Rojas, C; Slusher, B.S.; 
Tsukamoto, T. Inhibition of Xc~ transporter-mediated cystine uptake by sulfasalazine analogs. 
Bioorg. Med. Chem. Lett. 2011, 21, 6184^6187. 

56. Mitozo, P.A.; de Souza, L.F.; Loch-Neckel, G.; Flesch, S.; Maris, A.F.; Figueiredo, C.P.; 
Dos Santos, A.R.; Farina, M.; Dafre, A.L. A study of the relative importance of the 
peroxiredoxin-, catalase-, and glutathione-dependent systems in neural peroxide metabolism. 
FreeRadic. Biol Med. 2011, 57, 69-77. 

57. Awasthi, Y.C.; Chaudhary, P.; Vatsyayan, R.; Sharma, A.; Awasthi, S.; Sharma, R. Physiological 
and pharmacological significance of glutathione-conjugate transport. J. Toxicol. Environ. Health 
B Crit. Rev. 2009, 12, 540-551. 

58. Gallogly, M.M.; Starke, D.W.; Mieyal, J.J. Mechanistic and kinetic details of catalysis of 
thiol-disulfide exchange by glutaredoxins and potential mechanisms of regulation. Antioxid. 
Redox Signal. 2009, 11, 1059-1081. 

59. Melo, A.; Monteiro, L.; Lima, R.M.; Oliveira, D.M.; Cerqueira, M.D.; El-Bacha, R.S. Oxidative 
stress in neurodegenerative diseases: Mechanisms and therapeutic perspectives. Oxid. Med. Cell. 
Longev. 2011,2077,467180. 

60. Armstrong, J.S.; Khdour, O.; Hecht, S.M. Does oxidative stress contribute to the pathology of 
Friedreich's ataxia? A radical question. FASEB J. 2010, 24, 2152-2163. 



Nutrients 2012, 4 



1431 



61. Jin, Y.N.; Johnson, G.V. The interrelationship between mitochondrial dysfunction and 
transcriptional dysregulation in Huntington disease. J. Bioenerg. Biomembr. 2010, 42, 199-205. 

62. Goldsteins, G.; Keksa-Goldsteine, V.; Ahtoniemi, T.; Jaronen, M.; Arens, E.; Akerman, K.; 
Chan, P.H.; Koistinaho, J. Deleterious role of superoxide dismutase in the mitochondrial 
intermembrane space. J. Biol. Chem. 2008, 283, 8446-8452. 

63. Eckert, A.; Keil, U.; Marques, C.A.; Bonert, A.; Frey, C; Schussel, K.; MuUer, W.E. 
Mitochondrial dysfunction, apoptotic cell death, and Alzheimer's disease. Biochem. Pharmacol. 
2003, 66, 1627-1634. 

64. Miller, R.L.; James-Kracke, M.; Sun, G.Y.; Sun, A.Y. Oxidative and inflammatory pathways in 
Parkinson's disease. Neurochem. Res. 2009, 34, 55-65. 

65. Jones, D.P. Radical-free biology of oxidative sfress. Am. J. Physiol. Cell Physiol. 2008, 295, 
C849-C868. 

66. Kumar, C; Igbaria, A.; D'Autreaux, B.; Planson, A.G.; Junot, C; Godat, E.; Bachhawat, A.K.; 
Delaunay-Moisan, A.; Toledano, M.B. Glutathione revisited: A vital function in iron metabolism 
and ancillary role in thiol-redox control. EMBO J. 2011, 30, 2044-2056. 

67. Kann, O.; Kovacs, R. Mitochondria and neuronal activity. Am. J. Physiol. Cell Physiol. 2007, 
292, C641-C657. 

68. Rigoulet, M.; Yoboue, E.D.; Devin, A. Mitochondrial ROS generation and its regulation: 
Mechanisms involved in H(2)0(2) signaling. Antioxid. Redox Signal. 2011, 14, 459-468. 

69. Adam- Vizi, V. Production of reactive oxygen species in brain mitochondria: Confribution by 
electron transport chain and non-electron transport chain sources. Antioxid. Redox Signal. 2005, 
7, 1 140-1 149. 

70. Nagatsu, T.; Sawada, M. Molecular mechanism of the relation of monoamine oxidase B and its 
inhibitors to Parkinson's disease: Possible implications of glial cells. J. Neural Transm. Suppl. 
2006, 71, 53-65. 

71. Bedard, K.; Krause, K.H. The NOX family of ROS -generating NADPH oxidases: Physiology 
and pathophysiology. Physiol. Rev. 2007, 87, 245-313. 

72. Beckman, J.S. Peroxynifrite versus hydroxyl radical: The role of nitric oxide in 
superoxide-dependent cerebral injury. Ann. N Y. Acad. Sci. 1994, 738, 69-75. 

73. Jones, D.P.; Go, Y.S. Redox compartmentalization and cellular sfress. Diabetes Obes. Metab. 
2010, 12, 116-125. 

74. Wadey, A.L.; Muyderman, H.; Kwek, P.T.; Sims, N.R. Mitochondrial glutathione uptake: 
Characterization in isolated brain mitochondria and astrocytes in culture. J. Neurochem. 2009, 
109, 101-108. 

75. Garcia, J.; Han, D.; Sancheti, H.; Yap, L.P.; Kaplowitz, N.; Cadenas, E. Regulation of 
mitochondrial glutathione redox status and protein glutathionylation by respiratory substrates. 
J. Biol. Chem. 2010, 285, 39646-39654. 

76. Lash, L.H. Mitochondrial glutathione fransport: Physiological, pathological and toxicological 
implications. Chem. Biol. Interact. 2006, 163, 54—67. 

77. Kamga, C.K.; Zhang, S.X.; Wang, Y. Dicarboxylate carrier-mediated glutathione fransport is 
essential for reactive oxygen species homeostasis and normal respiration in rat brain 
mitochondria. Am. J. Physiol. Cell Physiol. 2010, 299, C497-C505. 



Nutrients 2012, 4 



1432 



78. Wilkins, H.M.; Marquardt, K.; Lash, L.H.; Linseman, D.A. Bcl-2 is a novel interacting partner 
for the 2-oxoglutarate carrier and a key regulator of mitochondrial glutathione. Free Radio. Biol. 
Med. 2012, 52, 410-^19. 

79. Colell, A.; Garcia-Ruiz, C; Miranda, M.; Ardite, E.; Mari, M.; Morales, A.; Corrales, F.; 
Kaplowitz, N.; Femandez-Checa, J.C. Selective glutathione depletion of mitochondria by ethanol 
sensitizes hepatocytes to tumor necrosis factor. Gastroenterology 1998, 115, 1541-1551. 

80. Muyderman, H.; Nilsson, M.; Sims, N.R. Highly selective and prolonged depletion of 
mitochondrial glutathione in astrocj^es markedly increases sensitivity to peroxynitrite. 
J. Neurosci. 2004, 24, 8019-8028. 

81. Nakamura, T.; Lipton, S.A. Cell death: Protein misfolding and neurodegenerative diseases. 
Apoptosis 2009, 14, 455-468. 

82. Kumar, P.; Pradhan, K.; Karunya, R.; Ambasta, R.K.; Querfurth, H.W. Cross-functional 
E3 ligases Parkin and C-terminus Hsp70-interacting protein in neurodegenerative disorders. 
J. Neurochem. 2012, 120, 350-370. 

83. Vali, S.; Chinta, S.J.; Peng, J.; Sultana, Z.; Singh, N.; Sharma, P.; Sharada, S.; Andersen, J.K.; 
Bharath, M.M. Insights into the effects of alpha-synuclein expression and proteasome inhibition 
on glutathione metabolism through a dynamic in silico model of Parkinson's disease: Validation 
by cell culture data. Free Radic. Biol. Med. 2008, 45, 1290-1301. 

84. Allen, E.M.; Mieyal, J.J. Protein-thiol oxidation and cell death: Regulatory role of glutaredoxins. 
Antioxid. Redox Signal. 2012, doi: 10. 1089/ars.20 12.4644. 

85. Dennissen, F.J.; Kholod, N.; van Leeuwen, F.W. The ubiquitin proteasome system in 
neurodegenerative diseases: Culprit, accomplice or victim? Prog. Neurobiol. 2012, 96, 190-207. 

86. Garcia-Arencibia, M.; Hochfeld, W.E.; Toh, P.P.; Rubinsztein, D.C. Autophagy, a guardian 
against neurodegeneration. Semin. Cell Dev. Biol. 2010, 21, 691-698. 

87. Walter, P.; Ron, D. The unfolded protein response: From stress pathway to homeostatic 
regulation. Science 2011, 334, 1081-1086. 

88. Chakravarthi, S.; Jessop, C.E.; BuUeid, N.J. The role of glutathione in disulphide bond formation 
and endoplasmic-reticulum-generated oxidative stress. EMBO Rep. 2006, 7, 271-275. 

89. Hwang, C; Sinskey, A. J.; Lodish, H.F. Oxidized redox state of glutathione in the endoplasmic 
reticulum. Science 1992, 257, 1496-1502. 

90. Dixon, B.M.; Heath, S.H.; Kim, R.; Suh, J.H.; Hagen, T.M. Assessment of endoplasmic 
reticulum glutathione redox status is confounded by extensive ex vivo oxidation. Antioxid. Redox 
Signal. 2008, 10, 963-972. 

91. Stefani, I.C.; Wright, D.; Polizzi, K.M.; Kontoravdi, C. The role of ER stress-induced apoptosis 
in neurodegeneration. Curr. Alzheimer Res. 2012, 9, 373-387. 

92. Stefanis, L. a-Synuclein in Parkinson's Disease. Cold Spring Harb. Perspect. Med. 2012, 2, 
doi:10.1101/cshperspect.a009399. 

93. Gotz, J.; Eckert, A.; Matamales, M.; Ittner, L.M.; Liu, X. Modes of Abeta toxicity in Alzheimer's 
disease. Cell. Mol. Life Sci. 2011, 68, 3359-3375. 

94. Hatters, D.M. Protein misfolding inside cells: The case of huntingtin and Huntington's disease. 
lUBMBLife 2008, 60, 724^728. 



Nutrients 2012, 4 



1433 



95. Bruijn, L.I.; Houseweart, M.K.; Kato, S.; Anderson, K.L.; Anderson, S.D.; Ohama, E.; 
Reaume, A.G.; Scott, R.W.; Cleveland, D.W. Aggregation and motor neuron toxicity of 
an ALS-linked SODl mutant independent from wild-type SODl. Science 1998, 281, 1851-1854. 

96. Gonzalez-Dosal, R.; Horan, K.A.; Rahbek, S.H.; Ichijo, H.; Chen, Z.J.; Mieyal, J.J.; 
Hartmann, R.; Paludan, S.R. HSV infection induces production of ROS, which potentiate 
signaling from pattern recognition receptors: Role for S'-glutathionylation of TRAF3 and 6. 
PLoSPathog. 2011, 7, el002250. 

97. Zucchelli, S.; Codrich, M.; Marcuzzi, F.; Pinto, M.; Vilotti, S.; Biagioli, M.; Ferrer, I.; 
Gustincich, S. TRAF6 promotes atypical ubiquitination of mutant DJ-1 and alpha-synuclein and 
is localized to Lewy bodies in sporadic Parkinson's disease brains. Hum. Mol. Genet. 2010, 19, 
3759-3770. 

98. Silva, G.M.; Netto, L.E.; Discola, K.F.; Piassa-Filho, G.M.; Pimenta, D.C.; Barcena, J.A.; 
Demasi, M. Role of glutaredoxin 2 and cytosolic thioredoxins in cysteinyl-based redox 
modification of the 20S proteasome. FEES J. 2008, 275, 2942-2955. 

99. Silva, G.M.; Netto, L.E.; Simoes, V.; Santos, L.F.; Gozzo, F.C.; Demasi, M.A.; Oliveira, C.L.; 
Bicev, R.N.; Klitzke, C.F.; Sogayar, M.C.; Demasi, M. Redox control of 20S proteasome gating. 
Antioxid. Redox Signal. 2012, 16, 1183-1194. 

100. Mieyal, J.J.; Chock, P.B. Posttranslational modification of cysteine in redox signaling and 
oxidative stress: Focus on ^'-glutathionylation. ^n^/ox/J. Redox Signal. 2012, 16, 471^75. 

101. Manevich, Y.; Feinstein, S.I.; Fisher, A.B. Activation of the antioxidant enzyme 1-CYS 
peroxiredoxin requires glutathionylation mediated by heterodimerization with pi GST. Proc. Natl. 
Acad. Sci. USA 2004, 101, 3780-3785. 

102. Gallogly, M.M.; Mieyal, J.J. Mechanisms of reversible protein glutathionylation in redox 
signaling and oxidative stress. Curr. Opin. Pharmacol. 2007, 7, 381-391. 

103. Mieyal, J.J.; Gallogly, M.M.; Qanungo, S.; Sabens, E.A.; Shelton, M.D. Molecular mechanisms 
and clinical implications of reversible protein S'-glutathionylation. Antioxid. Redox Signal. 2008, 
10, 1941-1988. 

104. Sabens Liedhegner, E.A.; Gao, X.H.; Mieyal, J.J. Mechanisms of altered redox regulation in 
neurodegenerative diseases-focus on i'-glutathionylation. Antioxid. Redox Signal. 2012, 16, 
543-566. 

105. Shelton, M.D.; Chock, P.B.; Mieyal, J.J. Glutaredoxin: Role in reversible protein 
/S-glutathionylation and regulation of redox signal transduction and protein translocation. 
Antioxid. Redox Signal. 2005, 7, 348-366. 

106. Sofic, E.; Lange, K.W.; Jellinger, K.; Riederer, P. Reduced and oxidized glutathione in the 
substantia nigra of patients with Parkinson's disease. Neurosci. Lett. 1992, 142, 128-130. 

107. Cristalli, D.O.; Amal, N.; Marra, F.A.; de Alaniz, M.J.; Marra, C.A. Peripheral markers in 
neurodegenerative patients and their first-degree relatives. J. Neurol. Sci. 2012, 314, 48-56. 

108. Klepac, N.; Relja, M.; Klepac, R.; Hecimovic, S.; Babic, T.; Trkulja, V. Oxidative sfress 
parameters in plasma of Huntington's disease patients, asymptomatic Huntington's disease gene 
carriers and healthy subjects: A cross-sectional study. J. Neurol. 2007, 254, 1676-1683. 



Nutrients 2012, 4 



1434 



109. Babu, G.N.; Kumar, A.; Chandra, R.; Puri, S.K.; Singh, R.L.; Kahta, J.; Misra, U.K. 
Oxidant-antioxidant imbalance in the erythrocytes of sporadic amyotrophic lateral sclerosis 
patients correlates with the progression of disease. Neurochem. Int. 2008, 52, 1284—1289. 

110. Piemonte, F.; Pastore, A.; Tozzi, G.; Tagliacozzi, D.; Santorelli, F.M.; Carrozzo, R.; Casali, C; 
Damiano, M.; Federici, G.; Bertini, E. Glutathione in blood of patients with Friedreich's ataxia. 
Eur. J. Clin. Invest. 2001, 31, 1007-1011. 

111. Vilar, R.; Coelho, H.; Rodrigues, E.; Gama, M.J.; Rivera, I.; Taioli, E.; Lechner, E.G. 
Association of A3 13 G polymorphism (GSTP1*B) in the glutathione-^-transferase PI gene with 
sporadic Parkinson's disease. Eur. J. Neurol. 2007, 14, 156-161. 

112. Paz-y-Mino, C.; Carrera, C.; Lopez-Cortes, A.; Munoz, M.J.; Cumbal, N.; Castro, B.; 
Cabrera, A.; Sanchez, M.E. Genetic polymorphisms in apolipoprotein E and glutathione 
peroxidase 1 genes in the Ecuadorian population affected with Alzheimer's disease. Am. J. Med. 
Sci. 2010, 340, 373-377. 

113. Chen, CM.; Wu, Y.R.; Cheng, M.L.; Liu, J.L.; Lee, Y.M.; Lee, P.W.; Soong, B.W.; Chiu, D.T. 
Increased oxidative damage and mitochondrial abnormalities in the peripheral blood of 
Huntington's disease patients. Biochem. Biophys. Res. Commun. 2007, 559, 335-340. 

114. Usarek, E.; Gajewska, B.; Kazmierczak, B.; Kuzma, M.; Dziewulska, D.; Baranczyk-Kuzma, A. 
A study of glutathione ^-transferase pi expression in central nervous system of subjects with 
amyotrophic lateral sclerosis using RNA extraction from formalin-fixed, paraffin-embedded 
material. Neurochem. Res. 2005, 30, 1003-1007. 

115. Kil, I.S.; Park, J.W. Regulation of mitochondrial NADP^-dependent isocitrate dehydrogenase 
activity by glutathionylation. J. Biol. Chem. 2005, 280, 10846-10854. 

116. Dinoto, L.; Deture, M.A.; Purich, D.L. Structural insights into Alzheimer filament assembly 
pathways based on site-directed mutagenesis and ^-glutathionylation of three-repeat neuronal 
Tau protein. M/cro-sc. Res. Tech. 2005, 67, 156-163. 

117. Wilcox, K.C.; Zhou, L.; Jordon, J.K.; Huang, Y.; Yu, Y.; Redler, R.L.; Chen, X.; Caplow, M.; 
Dokholyan, N.V. Modifications of superoxide dismutase (SODl) in human erj'throcj'tes: 
A possible role in amyotrophic lateral sclerosis. J. Biol. Chem. 2009, 284, 13940-13947. 

118. Pastore, A.; Tozzi, G.; Gaeta, L.M.; Bertini, E.; Serafini, V.; Di Cesare, S.; Bonetto, V.; 
Casoni, P.; Carrozzo, R.; Federici, G.; Piemonte, F. Actin glutathionylation increases in 
fibroblasts of patients with Friedreich's ataxia: A potential role in the pathogenesis of the 
disease. J. Biol. Chem. 2003, 278, 42588-42595. 

119. Martin, H.L.; Teismann, P. Glutathione — ^A review on its role and significance in Parkinson's 
disease. FASEB J. 2009, 23, 3263-3272. 

120. Ridet, J.L.; Bensadoun, J.C.; Deglon, N.; Aebischer, P.; Zum, A.D. Lentivirus-mediated 
expression of glutathione peroxidase: Neuroprotection in murine models of Parkinson's disease. 
Neurobiol. Dis. 2006, 21, 29-34. 

121. Volpicelli-Daley, L.A.; Luk, K.C.; Patel, T.P.; Tanik, S.A.; Riddle, D.M.; Stieber, A.; 
Meaney, D.F.; Trojanowski, J.Q.; Lee, V.M. Exogenous a-synuclein fibrils induce Lewy body 
pathology leading to synaptic dysfunction and neuron death. Neuron 2011, 72, 57-71. 

122. Paik, S.R.; Lee, D.; Cho, H.J.; Lee, E.N.; Chang, C.S. Oxidized glutathione stimulated the 
amyloid formation of a-synuclein. FEBSLett. 2003, 537, 63-67. 



Nutrients 2012, 4 



1435 



123. Trinh, K.; Moore, K.; Wes, P.D.; Muchowski, P.J.; Dey, J.; Andrews, L.; Pallanck, L.J. Induction 
of the phase II detoxification pathway suppresses neuron loss in Drosophila models of 
Parkinson's disease. /. Neurosci. 2008, 28, 465-472. 

124. Gomer, K.; Holtorf, E.; Odoy, S.; Nuscher, B.; Yamamoto, A.; Regula, J.T.; Beyer, K.; Haass, C; 
Kahle, P.J. Differential effects of Parkinson's disease-associated mutations on stability and 
folding of DJ-1. J. Biol. Chem. 2004, 279, 6943-6951. 

125. Saeed, U.; Ray, A.; Valli, R.K.; Kumar, A.M.; Ravindranath, V. DJ-1 loss by glutaredoxin but 
not glutathione depletion triggers Daxx translocation and cell death. Antioxid. Redox Signal. 
2010, 13, 127-144. 

126. Chung, K.K.; Dawson, V.L.; Dawson, T.M. .S-nitrosylation in Parkinson's disease and related 

neurodegenerative disorders. Methods Enzymol. 2005, 396, 139-150. 

127. Wu, Y.; Fan, Y.; Xue, B.; Luo, L.; Shen, J.; Zhang, S.; Jiang, Y.; Yin, Z. Human glutathione 
^-transferase Pl-1 interacts with TRAF2 and regulates TRAF2-ASK1 signals. Oncogene 2006, 
25, 5787-5800. 

128. Bhattacharya, P.; Keating, A.F. Protective role for ovarian glutathione ^-transferase isoform pi 
during 7,12-dimethylbenz[a]anthracene-induced ovotoxicity. Toxicol. Appl. Pharmacol. 2012, 
260, 201-208. 

129. Dusinska, M.; Staruchova, M.; Horska, A.; Smolkova, B.; Collins, A.; Bonassi, S.; 
Volkovova, K. Are glutathione S transferases involved in DNA damage signalling? Interactions 
with DNA damage and repair revealed from molecular epidemiology studies. Mutat. Res. 2012, 
736, 130-137. 

130. Reddy, P.; Naidoo, R.N.; Robins, T.G.; Mentz, G.; Li, H.; London, S.J.; Batterman, S. GSTMl 
and GSTPl gene variants and the effect of air pollutants on lung function measures in South 
Afi-ican children. Am. J. Ind. Med. 2012, doi:10.1002/ajim.22012. 

131. Garrido, M.; Tereshchenko, Y.; Zhevtsova, Z.; Taschenberger, G.; Bahr, M.; Kugler, S. 
Glutathione depletion and overproduction both initiate degeneration of nigral dopaminergic 
nemons. Acta Neuropathol. 2011, 121, 475—485. 

132. Liedhegner, E.A.; Steller, K.M.; Mieyal, J.J. Levodopa activates apoptosis signaling kinase 1 
(ASKl) and promotes apoptosis in a neuronal model: Implications for the treatment of 
Parkinson's disease. Chem. Res. Toxicol. 2011, 24, 1644-1652. 

133. Jung, K.H.; Park, J.W. Suppression of mitochondrial NADP(+)-dependent isocitrate 
dehydrogenase activity enhances curcumin-induced apoptosis in HCTl 16 cells. Free Radic. Res. 
2011,45, 431-438. 

134. Kil, I.S.; Jung, K.H.; Nam, W.S.; Park, J.W. Attenuated mitochondrial NADP^-dependent 
isocitrate dehydrogenase activity enhances EGCG-induced apoptosis. Biochimie 2011, 93, 
1808-1815. 

135. Mecocci, P.; MacGarvey, U.; Beal, M.F. Oxidative damage to mitochondrial DNA is increased 
in Alzheimer's disease. Ann. Neurol. 1994, 36, 747-751. 

136. Kontush, A. Amyloid-beta: An antioxidant that becomes a pro-oxidant and critically contributes 
to Alzheimer's disease. Free Radic. Biol. Med. 2001, 31, 1120-1131. 



Nutrients 2012, 4 



1436 



137. Butterfield, D.A.; Drake, J.; Pocernich, C; Castegna, A. Evidence of oxidative damage in 
Alzheimer's disease brain: Central role for amyloid beta-peptide. Trends Mol. Med. 2001, 7, 
548-554. 

138. Hamanishi, T.; Furuta, H.; Kato, H.; Doi, A.; Tamai, M.; Shimomura, H.; Sakagashira, S.; 
Nishi, M.; Sasaki, H.; Sanke, T.; Nanjo, K. Functional variants in the glutathione peroxidase-1 
(GPx-1) gene are associated with increased intima-media thickness of carotid arteries and risk of 
macrovascular diseases in Japanese type 2 diabetic patients. Diabetes 2004, 53, 2455-2460. 

139. Padurariu, M.; Ciobica, A.; Hritcu, L.; Stoica, B.; Bild, W.; Stefanescu, C. Changes of some 
oxidative stress markers in the serum of patients with mild cognitive impairment and 
Alzheimer's disease. Neurosci. Lett. 2010, 469, 6-10. 

140. Spalletta, G.; Bernardini, S.; Bellincampi, L.; Federici, G.; Trequattrini, A.; Ciappi, F.; Bria, P.; 
Caltagirone, C; Bossu, P. Glutathione ^'-transferase PI and Tl gene polymorphisms predict 
longitudinal course and age at onset of Alzheimer disease. Am. J. Geriatr. Psychiatry 2007, 15, 
879-887. 

141. Savonenko, A.; Xu, G.M.; Melnikova, T.; Morton, J.L.; Gonzales, V.; Wong, M.P.; Price, D.L.; 
Tang, F.; Markowska, A.L.; Borchelt, D.R. Episodic-like memory deficits in the 
APPswe/PSldE9 mouse model of Alzheimer's disease: Relationships to beta-amyloid deposition 
and neurotransmitter abnormalities. Neurobiol. Dis. 2005, 18, 602-617. 

142. Zhang, C; Rodriguez, C; Spaulding, J.; Aw, T.Y.; Feng, J. Age-dependent and tissue-related 
glutathione redox status in a mouse model of Alzheimer's disease. /. Alzheimers Dis. 2011, 28, 
655-666. 

143. Fu, A.L.; Dong, Z.H.; Sun, M.J. Protective effect of iV-acetyl-L-cysteine on amyloid 
beta-peptide-induced learning and memory deficits in mice. Brain Res. 2006, 1109, 201-206. 

144. Huang, Q.; Aluise, CD.; Joshi, G.; Sultana, R.; St Clair, D.K.; Markesbery, W.R.; 
Butterfield, D. A. Potential in vivo amelioration by iV-acetyl-L-cysteine of oxidative stress in brain 
in human double mutant APP/PS-1 knock-in mice: Toward therapeutic modulation of mild 
cognitive impairment. J. Neurosci. Res. 2010, 88, 2618-2629. 

145. Xu, Y.; Hou, X.Y.; Liu, Y.; Zong, Y.Y. Different protection of K252a and iV-acetyl-L-cysteine 
against amyloid-beta peptide-induced cortical neuron apoptosis involving inhibition of 
MLK3-MKK7-JNK3 signal cascades. J. Neurosci. Res. 2009, 87, 918-927. 

146. Studer, R.; Baysang, G.; Brack, C. A^-Acetyl-L-Cystein downregulates beta-amyloid precursor 
protein gene transcription in human neuroblastoma cells. Biogerontology 2001, 2, 55-60. 

147. Adair, J.C.; Knoefel, J.E.; Morgan, N. Controlled trial of A^-acetylcysteine for patients with 
probable Alzheimer's disease. Neurology 2001, 57, 1515-1517. 

148. McCaddon, A.; Davies, G. Co-administration of A^-acetylcysteine, vitamin B12 and folate in 
cognitively impaired hyperhomocysteinaemic patients. Int. J. Geriatr. Psychiatry 2005, 20, 
998-1000. 

149. McCaddon, A.; Hudson, P.R. L-methylfolate, methylcobalamin, and iV-acetylcysteine in the 
treatment of Alzheimer's disease-related cognitive decline. CNS Spectr. 2010, 15, 2-5. 

150. Browne, S.E.; Ferrante. R.J.; Beal, M.F. Oxidative stress in Huntington's disease. Brain Pathol. 
1999, 9, 147-163. 



Nutrients 2012, 4 



1431 



151. Del Hoyo, P.; Garcia-Redondo, A.; de Bustos, F.; Molina, J.A.; Sayed, Y.; Alonso-Navarro, H.; 
Caballero, L.; Arenas, J.; Jimenez-Jimenez, F.J. Oxidative stress in skin fibroblasts cultures of 
patients with Huntington's disease. Neurochem. Res. 2006, 31, 1 103-1 109. 

152. Mangiarini, L.; Sathasivam, K.; Seller, M.; Cozens, B.; Harper, A.; Hetherington, C; 
Lawton, M.; Trottier, Y.; Lehrach, H.; Davies, S.W.; Bates, G.P. Exon 1 of the HD gene with an 
expanded CAG repeat is sufficient to cause a progressive neurological phenotype in transgenic 
mice. Cell 1996, 87, 493-506. 

153. Choo, Y.S.; Mao, Z.; Johnson, G.V.; Lesort, M. Increased glutathione levels in cortical and 
striatal mitochondria of the R6/2 Huntington's disease mouse model. Neurosci. Lett. 2005, 386, 
63-68. 

154. Kumar, P.; Kalonia, H.; Kumar, A. Protective effect of sesamol against 3-nitropropionic 
acid-induced cognitive dysfunction and altered glutathione redox balance in rats. Basic Clin. 
Pharmacol. Toxicol. 2010, 107, 577-582. 

155. Mao, Z.; Choo, Y.S.; Lesort, M. Cystamine and cysteamine prevent 3-NP-induced mitochondrial 
depolarization of Huntington's disease knock-in striatal cells. Eur. J. Neurosci. 2006, 23, 
1701-1710. 

156. Carri, M.T.; Cozzolino, M. SODl and mitochondria in ALS: A dangerous liaison. J. Bioenerg. 
Biomembr. 2011, 43, 593-599. 

157. Wong, P.C.; Pardo, C.A.; Borchelt, D.R.; Lee, M.K.; Copeland, N.G.; Jenkins, N.A.; 
Sisodia, S.S.; Cleveland, D.W.; Price, D.L. An adverse property of a familial ALS-linked SODl 
mutation causes motor neuron disease characterized by vacuolar degeneration of mitochondria. 
Neuron 1995, 14, 1105-1116. 

158. Bruijn, L.I.; Becher, M.W.; Lee, M.K.; Anderson, K.L.; Jenkins, N.A.; Copeland, N.G.; 
Sisodia, S.S.; Rothstein, J.D.; Borchelt, D.R.; Price, D.L.; Cleveland, D.W. ALS-linked SODl 
mutant G85R mediates damage to astrocytes and promotes rapidly progressive disease with 
SODl -containing inclusions. Neuron 1997, 18, 327-338. 

159. Gumey, M.E.; Pu, H.; Chiu, A.Y.; Dal Canto, M.C.; Polchow, C.Y.; Alexander, D.D.; 
Caliendo, J.; Hentati, A.; Kwon, Y.W.; Deng, H.X.; et al. Motor neuron degeneration in mice 
that express a human Cu,Zn superoxide dismutase mutation. Science 1994, 264, 1772-1775. 

160. Bruijn, L.L; Beal, M.F.; Becher, M.W.; Schulz, J.B.; Wong, P.C.; Price, D.L.; Cleveland, D.W. 
Elevated free nitrotyrosine levels, but not protein-bound nitrotyrosine or hydroxyl radicals, 
throughout amyotrophic lateral sclerosis (ALS)-like disease implicate tyrosine nitration as an 
aberrant in vivo property of one familial ALS-linked superoxide dismutase 1 mutant. Proc. Natl. 
Acad. Sci. USA 1997, 94, 7606-7611. 

161. Andrus, P.K.; Fleck, T.J.; Gumey, M.E.; Hall, E.D. Protein oxidative damage in a transgenic 
mouse model of familial amyotrophic lateral sclerosis. J. Neurochem. 1998, 71, 2041-2048. 

162. Rothstein, J.D. Current hypotheses for the underlying biology of amyotrophic lateral sclerosis. 
Ann. Neurol. 2009, 65, S3-S9. 

163. Panov, A.; Kubalik, N.; Zinchenko, N.; Hemendinger, R.; Dikalov, S.; Bonkovsky, H.L. 
Respiration and ROS production in brain and spinal cord mitochondria of transgenic rats with 
mutant G93a Cu/Zn-superoxide dismutase gene. Neurobiol. Dis. 2011, 44, 53-62. 



Nutrients 2012, 4 



1438 



164. Chi, L.; Ke, Y.; Luo, C; Gozal, D.; Liu, R. Depletion of reduced glutathione enhances motor 
neuron degeneration in vitro and in vivo. Neuroscience 2007, 144, 991-1003. 

165. Cova, E.; Bongioanni, P.; Cereda, C; Metelli, M.R.; Salvaneschi, L.; Bernuzzi, S.; Guareschi, S.; 
Rossi, B.; Ceroni, M. Time course of oxidant markers and antioxidant defenses in subgroups of 
amyotrophic lateral sclerosis patients. Neurochem. Int. 2010, 56, 687-693. 

166. Bonnefont-Rousselot, D.; Lacomblez, L.; Jaudon, M.; Lepage, S.; Salachas, F.; Bensimon, G.; 
Bizard, C; Doppler, V.; Delattre, J.; Meininger, V. Blood oxidative stress in amyotrophic lateral 
sclerosis. J. Neurol. Sci. 2000, 178, 57-62. 

167. Morahan, J.M.; Yu, B.; Trent, R.J.; Pamphlett, R. Genetic susceptibility to environmental 
toxicants in ALS. Am. J. Med. Genet. B Neuropsychiatr. Genet. 2007, 144, 885-890. 

168. Tartari, S.; D'Alessandro, G.; Babetto, E.; Rizzardini, M.; Conforti, L.; Cantoni, L. Adaptation to 
G93Asuperoxide dismutase 1 in a motor neuron cell line model of amyotrophic lateral sclerosis: 
The role of glutathione. FEES J. 2009, 276, 2861-2874. 

169. Muyderman, H.; Hutson, P.G.; Matusica, D.; Rogers, M.L.; Rush, R.A. The human 
G93A-superoxide dismutase- 1 mutation, mitochondrial glutathione and apoptotic cell death. 
Neurochem. Res. 2009, 34, 1847-1856. 

170. Vargas, M.R.; Johnson, D.A.; Johnson, J.A. Decreased glutathione accelerates neurological 
deficit and mitochondrial pathology in familial ALS-linked hSODl^^^"^ mice model. Neurobiol. 
Dis. 2011,43, 543-551. 

171. Redler, R.L.; Wilcox, K.C.; Proctor, E.A.; Fee, L.; Caplow, M.; Dokholyan, N.V. 
Glutathionylation at Cys-1 1 1 induces dissociation of wild type and FALS mutant SODl dimers. 
Biochemistry 2011, 50, 7057-7066. 

172. Marmolino, D. Friedreich's ataxia: Past, present and future. Brain Res. Rev. 2011, 67, 31 1-330. 

173. Sparaco, M.; Gaeta, L.M.; Santorelli, F.M.; Passarelli, C; Tozzi, G.; Bertini, E.; Simonati, A.; 
Scaravilli, F.; Taroni, F.; Duyckaerts, C; et al. Friedreich's ataxia: Oxidative stress and 
cj'toskeletal abnormalities. J. Neurol. Sci. 2009, 287, 111-118. 

174. Auchere, F.; Santos, R.; Planamente, S.; Lesuisse, E.; Camadro, J.M. Glutathione-dependent 
redox status of frataxin-deficient cells in a yeast model of Friedreich's ataxia. Hum. Mol. Genet. 
2008, 17, 2790-2802. 

175. Shoichet, S.A.; Baumer, A.T.; Stamenkovic, D.; Sauer, H.; Pfeiffer, A.F.; Kahn, C.R.; 
MuUer-Wieland, D.; Richter, C; Ristow, M. Frataxin promotes antioxidant defense in a 
thiol-dependent manner resulting in diminished malignant transformation in vitro. Hum. Mol. 
Genet. 2002, 11, 815-821. 

176. Wang, J.; Boja, E.S.; Tan, W.; Tekle, E.; Pales, H.M.; English, S.; Mieyal, J.J.; Chock, P.B. 
Reversible glutathionylation regulates actin polymerization in A43 1 cells. J. Biol. Chem. 2001, 
276, 47763-47766. 

177. Lee, S.B.; Bagley, J.A.; Lee, H.Y.; Jan, L.Y.; Jan, Y.N. Pathogenic polyglutamine proteins cause 
dendrite defects associated with specific actin cytoskeletal alterations in Drosophila. Proc. Natl. 
Acad. Sci. USA 2011, 108, 16795-16800. 

178. Jones, D.P.; Coates, R.J.; Flagg, E.W.; Eley, J.W.; Block, G.; Greenberg, R.S.; Gunter, E.W.; 
Jackson, B. Glutathione in foods listed in the National Cancer Institute's Health Habits and 
History Food Frequency Questionnaire. Nutr. Cancer 1992, 17, 57-75. 



Nutrients 2012, 4 



1439 



179. Witschi, A.; Reddy, S.; Stofer, B.; Lauterburg, B.H. The systemic availability of oral glutathione. 
Eur. J. Clin. Pharmacol. 1992, 43, 667-669. 

180. Valenzuela, A.; Aspillaga, M.; Vial, S.; Guerra, R. Selectivity of silymarin on the increase of the 
glutathione content in different tissues of the rat. Planta Med. 1989, 55, AIQ-All. 

181. Reeta, K.H.; Mehla, J.; Gupta, Y.K. Curcumin is protective against phenj'toin-induced cognitive 
impairment and oxidative stress in rats. Brain Res. 2009, 1301, 52-60. 

182. Jia, Z.; Hallur, S.; Zhu, H.; Li, Y.; Misra, H.P. Potent upregulation of glutathione and 
NAD(P)H:quinone oxidoreductase 1 by alpha-lipoic acid in human neuroblastoma SH-SY5Y 
cells: Protection against neurotoxicant-elicited cytotoxicity. Neurochem. Res. 2008, 33, 790-800. 

183. Dickinson, D.A.; lies, K.E.; Zhang, H.; Blank, V.; Forman, H.J. Curcumin alters EpRE and AP-1 
binding complexes and elevates glutamate-cysteine ligase gene expression. FASEB J. 2003, 1 7, 
473-475. 

184. Singhal, N.K.; Srivastava, G.; Fatal, D.K.; Jain, S.K.; Singh, M.P. Melatonin or silymarin 
reduces maneb- and paraquat-induced Parkinson's disease phenotype in the mouse. J. Pineal Res. 
2011, 50, 97-109. 

185. Lim, G.P.; Chu, T.; Yang, F.; Beech, W.; Frautschy, S.A.; Cole, G.M. The curry spice curcumin 
reduces oxidative damage and amyloid pathology in an Alzheimer transgenic mouse. J. Neurosci. 
2001, 21, 8370-8377. 

186. Andreassen, O.A.; Dedeoglu, A.; Friedlich, A.; Ferrante, K.L.; fJughes, D.; Szabo, C; Beal, M.F. 
Effects of an inhibitor of poly(ADP-ribose) polymerase, desmethylselegiline, trientine, and lipoic 
acid in transgenic ALS mice. Exp. Neurol. 2001, 168, 419^24. 

187. Andreassen, O.A.; Ferrante, R.J.; Dedeoglu, A.; Beal, M.F. Lipoic acid improves survival in 
transgenic mouse models of Huntington's disease. Neuroreport 2001, 12, 3371-3373. 

188. Aebi, S.; Assereto, R.; Lauterburg, B.H. High-dose intravenous glutathione in man. 
Pharmacokinetics and effects on cyst(e)ine in plasma and urine. Eur. J. Clin. Invest. 1991, 21, 
103-110. 

189. Sechi, G.; Deledda, M.G.; Bua, G.; Satta, W.M.; Deiana, G.A.; Pes, G.M.; Rosati, G. 
Reduced intravenous glutathione in the treatment of early Parkinson's disease. Prog. 

Neuropsychopharmacol. Biol. Psychiatry 1996, 20, 1159-1170. 

190. Hauser, R.A.; Lyons, K.E.; McClain, T.; Carter, S.; Perlmutter, D. Randomized, double-blind, 
pilot evaluation of intravenous glutathione in Parkinson's disease. Mov. Disord. 2009, 24, 
979-983. 

191. Okun, M.S.; Lan, A.; Jankovic, J. Based on the available randomized trial patients should say no 
to glutathione for Parkinson's disease. Mov. Disord. 2010, 25, 961-962. 

192. Naito, Y.; Matsuo, K.; Kokubo, Y.; Narita, Y.; Tomimoto, H. Higher-dose glutathione therapy 
for Parkinson's disease in Japan: Is it really safe? Mov. Disord. 2010, 25, 962-963. 

193. Sechi, G.P. Reduced glutathione and Parkinson's disease. Mov. Disord. 2010, 25, 2690-2691. 

194. Dringen, R.; Gutterer, J.M.; Hirrlinger, J. Glutathione metabolism in brain metabolic interaction 
between astrocytes and neurons in the defense against reactive oxygen species. Eur. J. Biochem. 
2000, 257,4912^916. 



Nutrients 2012, 4 



1440 



195. Clark, J.; Clore, E.L.; Zheng, K.; Adame, A.; Masliah, E.; Simon, D.K. Oral A^-acetyl-cysteine 
attenuates loss of dopaminergic terminals in alpha-synuclein overexpressing mice. PLoS One 
2010, 5, el2333. 

196. Andreassen, O.A.; Dedeoglu, A.; Kliven)^, P.; Beal, M.F.; Bush, A.I. iV-acetyl-L-cysteine 
improves survival and preserves motor performance in an animal model of familial amyotrophic 
lateral sclerosis. Neuroreport 2000, 11, 2491-2493. 

197. Sandhir, R.; Sood, A.; Mehrotra, A.; Kamboj, S.S. iV-Acetylcysteine reverses mitochondrial 
dysfunctions and behavioral abnormalities in 3-nitropropionic acid-induced Huntington's 
disease. Neurodegener. Dis. 2012, 9, 145-157. 

198. Louwerse, E.S.; Weverling, G.J.; Bossuyt, P.M.; Meyje, F.E.; de Jong, J.M. Randomized, 
double-blind, controlled trial of acetylcysteine in amyotrophic lateral sclerosis. Arch. Neurol. 
1995, 52, 559-564. 

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.Org/licenses/by/3.0/). 



